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ABSTRACT  
 
The aeronautical channel is an air to ground channel characterized by multipath, high doppler 
shifts, Rayleigh fading and noise. Use of a channel sounder ensures proper estimation of the 
parameters associated with the impulse response of the channel. These estimates help us to 
characterize the radio channels associated with aeronautical telemetry. In order to have a 
satisfactory channel characterization, the amplitudes, phase shifts and delays associated with 
each multipath component in the channel model must be determined.  
 
 

KEYWORDS 
 

Radio Channel model, Multipath Rayleigh Fading, Doppler Shift, iNET, Aeronautical 
 

 
BACKGROUND 

 
A communication channel represents a physical medium between the transmitter and the 
receiver [1]. The aeronautical telemetry channel is best characterized by the air to ground 
communication channel. It consists mainly of large doppler shift due to high aircraft speeds 
of up to mach 3; multipath caused by the reflection of the signal on surfaces and obstacles 
such as the ground and mountains; and the presence of noise in the channel which may be 
caused by natural disturbances such as lightning and man-made disturbances such as vehicle 
ignition noise [2]. All these characteristics whether separately or combined, degrade the 
quality of the signal passing through the channel.  
 
Channel modeling has thus become very necessary in order to improve the technology used 
to transmit data over these channels. A lot of valuable and significant work has been done in 
channel modeling. For example, the Generic Channel Simulator (GCS) by Bello simulates 
various communications channels including the VHF/UHF air-ground channel. This air-
ground channel model presents valuable insight for the design and simulation of the channel 
simulated in this project.   
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A channel model is a representation of the input-output relationship of the channel in 
mathematical or algorithmic form. This model may be derived from measurements, or based on 
the theory. The simplest simulation model for a communication channel is the transfer function 
model, which can be simulated in either the time or the frequency domain, and is used for time-
invariant communication channels such as optical fibers. In such models, the channel is assumed 
to be static in nature, which provides a particular frequency response due to the fixed delays 
within the channel. However, radio communication channels, although linear, may have random 
time-varying characteristics and as such require more complex models.  The appropriate model 
for such channels is the Tapped Delay Line (TDL) model, with time varying tap gains, which are 
modeled as stationary random processes over observation intervals. This model is useful because 
it is able to account for the multipath effect and the time variations in the channel characteristics 
also known as fading. A fast fading channel is one which changes during the smallest time 
interval of interest, while a slow fading channel is one which remains static for a large time 
interval of interest, but not large enough to become time-invariant [3]. 
 
Radio channel models are usually categorized as either narrowband or wideband. Narrowband 
channel models e.g. the Rayleigh fading channel, are appropriate for situations where the signal 
bandwidth is much less than the coherence bandwidth of the multipath fading process. Wideband 
channel models are used in those situations where the signal bandwidth is on the order of or 
larger than the coherence bandwidth of the multipath fading process and the individual multipath 
reflections are resolvable in the signal bandwidth [4].  
 
The main motivation for the telemetry channel simulation is that it will provide an objective test 
bed on which the proposed radio link for the iNET study can be tested. By running tests in a 
simulation not only are time and money saved, but the complexity associated with running real 
flight tests is also avoided. Simulation is also necessary in order to transition technology between 
laboratories thus allowing different technologies and ideas to be tested, and to allow for 
comparison of performance and techniques. Software simulation allows us to test the 
performance of equipment and technologies prior to field tests, and also allows us to test and 
validate performance in controlled and/or rare conditions, such as moments of extreme noise or 
rare weather conditions [5]. Through simulation, it also possible to replicate radio channel 
conditions in order to achieve better performance evaluation through repetition.  
 
 

APPROACH 
 
Rice [4] generated a multipath channel model for wideband aeronautical telemetry using channel 
sounding data, collected at Edwards AFB, California. Based on slow channel variations over a 
short time interval, the Air-Ground channel can be modeled as a linear time invariant system, 
whose baseband impulse response is given by: 
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where, L is the total number of propagation paths, τk is the propagation delay of the kth 
propagation path, Гk is the complex gain of the kth propagation path, and ωc is the Doppler shift.  
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Rice’s model however does not incorporate the scatter paths that are common in telemetry 
channels. While specular paths are caused by reflection of the signal on smooth, flat terrain, 
scatter paths are caused by reflection of the signal on rough, hilly terrain.  These scatter paths 
become very important for signal transmission in scenarios where there is no direct line of sight 
due to large obstacles.  To incorporate the presence of scatter paths in our model we shall 
consider the work of Philip Bello, who built the GCS.  
 
 

CHANNEL SOUNDER CHARACTERIZATION 
 
A channel sounder is a device that allows estimation of the parameters associated with the 
impulse response of a radio channel, namely the number of multipath components and their 
associated amplitudes, phases and delays [6]. It is used to determine the time-variant impulse 
response of mobile radio channels.  Channel sounding provides information on how the 
properties of the transmitted signal such as amplitude and phase are changed in a time variant 
manner.  The most important parameters of the propagation channel are delay spread and 
Doppler spread. These parameters are very important in evaluating RF data transmission are RF 
channel simulations.  
 
When developing a channel sounder, it is important to consider the input signal that will be used. 
One common and practical consideration is the pseudo-noise (PN) sequence, also known as a 
pseudorandom signal. The cross-correlation property of the PN sequence makes it an optimal 
choice as a channel probe since it makes it possible to identify multipath reflections in the 
received signal. 
 
A PN sequence is generated using a linear feedback shift register (LFSR) consisting of XOR 
gates and a shift register.  The shift register consists of 1-bit storage devices. A PN sequence is a 
2N -1 long binary sequence of 0’s and 1’s, where N is the number of storage devices in the shift 
register.   A 15-bit shift register will generate a 32,768 bit long PN sequence that is commonly 
used in channel sounding, and is based on the GF(2) polynomial: 

P x x x x x x xI ( ) = + + + + + +15 13 9 8 7 5 1. 
 
The theory behind the channel sounder includes use of the Fourier transform in order to switch 
from the time to frequency domain and the inverse Fourier transform to move from the 
frequency to time domain. If the Fourier transform of x(t) is X[f] and the inverse Fourier 
transform of X[f] is x(t), the X[f] and x(t) are considered transform pairs. Let us recall the 
difference between working in the time domain and working in the frequency domain. 
Convolution in the time domain is equivalent to multiplication in the frequency domain, while 
multiplication in the time domain is equivalent to convolution in the frequency domain. For 
example, if , then )(*)()( thtxty = ][].[][ fHfXfY =  
Where Y[f] and y(t), H[f] and h(t), and X[f] and x(t) are three examples of transform pairs.  
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For the channel sounder, the input signal x(t) is sent into the channel with impulse response h(t). 
The output of the channel, y(t) is a convolution of the input signal with the channel impulse 
response.  The output of the channel can also be determined in the frequency domain by taking 
the Fourier transforms of the input signal and the channel impulse response and multiplying them 
together.  In order to obtain the channel impulse response, a matched filter at the receiver is used. 
In the matched filter we use the Fourier transforms of the input and output signals, in order to 
work in the frequency domain, and avoid convolution. In order to obtain the impulse response 
h(t) we must first obtain H[f]. We do this by multiplying the channel output Y[f] by the 
conjugate of the input X*[f], and the following is obtained: 
 

)()(*)()(
)](*)([)(
)(*)()(][

)()(][
)(*)()(

1

thRhtZ
jXjXfbutR
jXjXjHjZ

jXjHjY
txthty

xx

xx

==
=

=
=

=

−

ττ
ωωτ

ωωωω
ωωω

 

 
 

RADIO CHANNEL CHARACTERIZATION 
 

Radio channels may be regarded as special cases of random time-variant linear filters. In order to 
have a satisfactory channel characterization, the amplitudes, phase shifts and delays associated 
with each multipath component in the channel model must be determined [6]. Due to the 
unpredictable nature of time-variant channels, it is appropriate to use a statistical characterization 
of the channel. The scattering function of a channel provides us with a measure of the average 
power output of the channel as a function of the time delay and Doppler frequency. 
 
Decades of work have been done in radio channel characterization such as that of P. Bello. In his 
1963 paper on characterization of RTVL channels [7], he suggests that these channels or filters, 
may be characterized in time and frequency variables by arranging system functions in dual 
pairs. He further goes on to do a statistical characterization in terms of correlation functions for 
the various system functions. To characterize and model the behavior of radio channels, he uses 
a model called the Quassi wide sense stationary uncorrelated scattering, also known as the 
QWSSUS. The WSSUS is the simplest type of RTVL channel to describe in terms of channel 
correlation functions, and it exhibits both time and frequency selective behavior. Its channel 
correlation functions must display characteristics of the WSS channel and the US channel. The 
WSSUS channel has a continuum of uncorrelated scatterers each providing Doppler shifts in the 
range v, v+dv, and delays in the range ξ, ξ+dξ, and has a scattering cross section,  S(ξ ,v) dξ dv 
such that . S(ξ ,v) is the Fourier transform of the 
correlation function R

ΩΩ−Ω= ∫∫ ddRvejvS τττξπξ ),()(2),(

f , t(τ,Ω) that will be discussed later. The WSSUS also has a continuum of 
uncorrelated Doppler-shifting elements with each filter having a transfer function with WSS 
statistics in the frequency variable.  
 
A useful way to perform measurements on radio channels is to determine the longtime statistics 
of short-time channel correlation functions. Generally, radio channels display a combination of 
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fast fading of a nearly Gaussian nature,’ and very slow fading of a generally non-Gaussian 
nature, such that the channel contains very slow fluctuations imposed upon more rapid 
fluctuations. These rapid fluctuations portray statistical stationarity properties known as ‘quasi-
stationary’ behavior, which are easily characterized as Gaussian statistics. Due to this property, it 
is therefore possible to achieve a complete statistical description of radio channels by measuring 
the channel correlation functions for time and frequency intervals small compared to the 
fluctuation intervals of the slow channel variations, and then measuring the statistical behavior of 
these quasi-stationary channel correlation functions as caused by the slow channel variations. 
 
To do this we consider the time variant transfer function of the channel, T(f,t). One assumption 
that is made is that T(f,t) and w(t), (the channel output complex envelope) are both purely 
random. The time and frequency selective behavior of the channel is shown by the way T(f,t) 
changes with changes in f and t. Fading is accounted for by the fact that T(f,t) varies with time, t. 
The sensitivity of T(f, t) to changes in f and t is shown by forming the correlation function 
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becomes independent of f and t so that )Ω=)Ω ,R(,(R tf, ττ .  
 
The simplicity of the WSSUS channel can be transferred to the QWSSUS channels. The 
QWSSUS holds the following properties to be true: max/1 γ<<W  and max/1 θ<<∆+T  where, 
γmax sec and θmax cps denote the maximum rate of fluctuation of Rf , t(τ,Ω) in the f and t directions 
respectively, W, T denote the bandwidth, and time duration of the input signal, ∆ denote the 
multipath spread of the channel. Once these parameters are satisfied, then the actual channel can 
be replaced by a hypothetical WSSUS channel to determine the correlation function of the 
channel. If the channel has Gaussian statistics, then it can be replaced by a hypothetical WSSUS 
channel to determine the output statistics, since then the output will be a Gaussian process and 
thus completely determined statistically from knowledge of its correlation function. Previous 
measurements show that for most radio channels, the two properties will be satisfied.  
 
Therefore, the QWSSUS channel with Gaussian statistics is considered an appropriate model for 
several radio channels. The correlation function Rf , t(τ,Ω) is then able to provide the necessary 
statistical information to evaluate the short-term performance of digital system, given the 
statistics of the interferences present. In order to determine long term performance, then the 
performance computed on a short term basis must be averaged over the long term statistics of Rf , 

t(τ,Ω).  
 
The scattering function is also a good tool for channel characterization. The scattering function 
[8] is a two dimensional representation of the channels average power output as a function of the 
time delay and Doppler frequency. It gives a measure of the average power output of the channel 
as a function of the time delay, τ  and Doppler frequency, λ. Using correlation and power spectral 
density functions, we can define the characteristics of a fading multipath channel. We describe 
φc(τ) as the multipath intensity profile or the delay power spectrum of the channel and φc(τ; ∆t) 
to be the average power output as a function of the time delay, τ and the difference in 
observation time ∆t. The multipath spread of the channel Τm is therefore the range of values of τ 
over φc(τ) which is non-zero. Thus we can consider φC(∆f; ∆t) to be the spaced –frequency, 
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spaced-time correlation function of the channel. Taking its fourier transform, with respect to ∆t 
we obtain Sc(∆f; λ), the Doppler power spectrum of the channel given by: 

. The Doppler power spectrum gives the signal intensity as a 

function of λ. The range of values over which Sc(λ)

tdetffSc tj
c ∆∆∆=∆ ∆−∞

∞−∫
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≡  Sc(0; λ) is essentially non-zero is called 
the Doppler spread, Bd of the channel. In order to completely relate φC(∆f; ∆t) and Sc(∆f; λ), a 
new function S(τ; λ) is obtained by taking the Fourier transform of φc(τ; ∆t) in the ∆t variable. 
This new function is the scattering function of the channel and relates to the average power 
output and to the Doppler power spectrum in the following ways respectively: 

tdetS tj
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SIMULATION DESIGN OF THE TELEMETRY CHANNEL 
 
The recommendation to use a wideband channel in the simulation is appropriate for the iNET 
radio environment for the following reasons. First, in a wideband channel, the bandwidth of the 
signal is greater than the coherent bandwidth of the multipath, thus the multipath elements of the 
signal can be resolved within the signal bandwidth. Second, wideband channels afford higher 
data rates and have a higher noise immunity than narrowband channels [4]. This becomes 
beneficial considering that the channel simulator is geared toward a typical telemetry channel, 
which consists of very stressful conditions including noise.  
 
The channel simulator which is geared toward a typical telemetry channel consists of the 
following elements; Doppler, Rayleigh fading, multipath, and noise. Doppler is simulated into 
the channel by multiplying the signal by e jθ , where θ  is iteratively being updated by a constant 
value. Summing two filtered Gaussian random numbers generates Raleigh fading, and this sum 
is then multiplied with the signal to produce a Rayleigh faded signal.  Noise is represented as a 
complex random number and added to the signal.   
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Figure 1: Overall implementation of the Channel Simulator 
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The multipath consists of a direct line-of-sight, specular paths, and scattered paths. To simulate 
multipath, multiple paths are created by having delays of the original PN sequence sent through 
the channel. The paths may consist of Doppler, Rayleigh fading and noise, scaled at different 
factors. To properly implement the multipath, we use a tapped delay line (TDL) with time-
varying coefficients to account for changes in the multipath characteristics.   A tapped delay line 
is a finite impulse response (FIR) filter where each tap and tap weight depends on the channel 
characteristics.  An example of a TDL is shown in Figure 2. The total delay line length is M taps, 
which are located at delays of 1, 2, 3,…, M samples, respectively. The output signal is a linear 
combination of the input signal x(n), the delay-line output, x(n-M) and the intermediate tap 
signals, x(n-1), x(n-2), x(n-3), ….., x(n-M-1). 
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Figure 2: The Tapped Delay Line (TDL) 

 
Each tap represents a signal from a reflected path(s), which has a time delay, phase change, and 
attenuated amplitude. The received signal will be the sum of all the signals from the different 
paths. 
 
Gaussian amplitude fading due to variations in time at each tap results in Doppler spread. To 
simulate Doppler spread a low pass filter with a random element represents the variation at each 
tap. The random element ensures that the taps are random. The bandwidth of the filter is the 
measure of the Doppler spread. Using a low pass filter ensures that we get a Gaussian 
distribution for the Doppler spread associated with each tap. The z transform of the filter is given 
by the equation: .  Doppler shift is incorporated with a simple phase 
shift per sample which replicates the random fluctuations of an aircraft varying speed and 
direction. 

)1/()1()( 1−−−= zzA αα

 

 

SIMULATION DESIGN OF THE CHANNEL SOUNDER 
 
The analytic computations behind the channel sounder discussed above are the basis of the 
channel sounder simulation.  In the design, the PN sequence which we are using as the probe 
signal is input to the channel which consists of Rayleigh faded multipath and noise. The signal is 
convolved with the channel impulse response and an output is obtained. A matched filter is then 
used to calculate the impulse response of the channel. Using the frequency response of the 
channel, we can be able to characterize the channel.  The following is a block diagram of the 
channel sounder.  
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Figure 3: The Channel Sounder 
 
 
RESULTS AND ANALYSIS 

 
In order to test the performance of the channel sounder, a known channel impulse response is 
used, and the results obtained after using the matched filter are compared to the known impulse 
response. The test is conducted using an impulse response given as:  
 

H(z) =  z-1  +  .5 z-5  +  .75 z-8  +  .1 z-10

 
The PN sequence is then passed through the channel and after obtaining the output, the matched 
filter is used to obtain the impulse response of the channel. The response obtained is expected to 
be a reciprocation of the response that was used as the channel response. The following figure 
shows the results of the test. The results show that we obtain the exact channel impulse response 
that was defined above. 
  

 
 Channel impulse response for known channel 
 

 

Figure 4: Channel impulse response for a known channel 

 
Once we are sure that the sounder works for both single path and multipath channels, we can 
now use if to obtain channel sounding data in an unknown channel. These tests are tailored to the 
characteristic aeronautical channel which includes multipath, Doppler, Rayleigh fading and 
noise.  Using the 3-ray model proposed by Rice, we obtain the following results and compare 
them to the theoretical expectation from his model and to the experimental results obtained from 
live tests at Edwards AFB.  
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Using a randomly selected 3-ray model shown below we can see that the envelope of the channel 
transfer functions for the simulation and theoretical case for the 3-ray model are similar to the 
Rice results shown above. In the simulation, the function displays periodic nulls as expected.   
 

a) The Channel Impulse Response 
 

b) The Channel Frequency Response 

 

Figure 5: The Impulse Response of the Channel 

 
 

CONCLUSION 
 

In conclusion, this radio channel simulator accurately implements the basic elements of the 
aeronautical telemetry channel common in most air force bases. These grounds are characterized 
by multipath, Rayleigh fading, Doppler and Noise elements that are common in most wireless 
communication channels. The simulators main components multipath, Doppler spread resulting 
from amplitude fading, Doppler shift and noise were all tested and verified independent of each 
other. Due to the successful simulation, it is expected that this simulator will be used in the 
design of a radio link protocol for aeronautical telemetry. Because the current radio link is 
inefficient and outdated, a RLP for a more robust and optimal link is underway and once 
complete will require testing. The simulation presented will offer an excellent test bed upon 
which the performance of the various RLP’s can be tested. Future work will analyze and develop 
the parameters to drive this channel model so as to accurately simulate real aeronautical 
channels. Work is also under way to develop a hardware platform for this simulation.  
 
 

REFERENCES 
 
[1]. Tranter, W., Shanmugan, K.,  Rappaport, T.,  Kosbar, K., “Principles of Communications 
Systems: Simulation with Wireless Applications”,  1st ed., Prentice Hall, 2002.  
[2]. Mwangi, P., Britto, E., “Channel Issues for Design of the iNET Radio Link Protocol,” 
International Telemetering Conference, Las Vegas, NV, October, 2005.  
[3]. Rappaport, T, “Wireless Communications”, 2nd ed., Prentice Hall, Upper Saddle Rive, NJ, 
2002, 355-393. 

 9



[4]. Rice, M, Davis, A. and Bettwieser, C., “Wideband channel model for aeronautical 
telemetry”, IEEE Transactions on Aerospace and Electronic Systems, 40(1), January, 2004, 57-
69. 
[5]. Dean, R, “Wideband HF channels: A strategy for channel simulation,” IEEE MILCOM 
conference Record, Boston MA, October 1993. 
[6].  Albornoz, J. M., “A Wideband Channel Sounder,” Ohio State University, 2001.  
[7]. Bello, P, “Characterization of Randomly Time-Variant Linear Channels”, IEEE Transactions 
on Communications Systems, 11(4), December 1963, 360-393. 
 [8].  Proakis, J.G., “Digital Communications,” 4th ed., McGraw Hill, New York, 2001. 
 

 10




