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ABSTRACT 

The aeronautical mobile radio channel is analyzcd.A stochastic 
model for the channel is propostd in tenns of the transmission 
coefficient. The power spechum and the cornlation functions 
are derived for cases of practical interest. The model is useful 
for predicting the errur rate perfatmance of digital modulation 
techniques. The nsults from a fight test showed the validity of 
theproposcdmadcl. 

I. Introduction 

The aeronautical mobile radio channel appears in many applica- 
tions. Aidground radio communication between aircraft and 
ground radio sites is one of the most important applications. 
Most of the published litaature, e.g. [4], [5] focused on the sat- 
ellite aimaft channel. In this paper the a i r f p d  channel is 
studied and a stochastic model is proposcd. Voice and data 
transmission between an aircraft and a &rouod radio site has 
several applications outlined in this introduction. Vice commu- 
nications by radio is used for operating Air TdXc  Control 
(ATC) functions and fop providing flight services [ 101. Data 
communications by radio is used for commtrcial purp0ses.The 
very high frequency (VHF) band of 118-137 MHZ was assigned 
for civilian air/ground communications. This band is shared by 
ATC, commercial data communications and other flight ser- 
vices. The VHF band is divided into 760 channels with 25KHz 
as the channel separation. The m n t  voice radio system used 
by the FAA conmllers is based on amplitude modulation (AM). 
The bandwidth for each baseband voice channel is approxi- 
mately 3 KHz. Future air/gmund systems are expected to use 
digital modulation instead of AM to increase the capacity and 
improve the performance of the system by utilizing the new 
digital signal processing tachnology. Evaluation of different 
digital modulation techniques for future VHF air/pund com- 
munications systems requires a good understanding of the 
nature of the channel to model the signals accurately. A stochas- 
tic model for the air/gmund channel is proposed in this paper. 
The statistical properties of the channel such as the correlation 
functions and power spectrum are derived in section II. These 
functions are useful in predicting the error rate performance of 
digital modulation techniques [a] using Pawula’s theorem [71. 
This paper isbgsedon yakpcrfamedby The MIlRECnpmtion forthe 
FedaalAviabAdmhustratrm (FAA). Thc con= of this pper ntlecl 
the views of the mthm and do not neceuarity rdlea the official views or 
policy of the FAA. 

The nsults from a flight test to characterize the air/ 
ground channel 8n presented in section III. It is concluded that 
there is a close agnanent between the experimental results and 
the proposed stochastic model. 

II. Stochastic model of the channel 

Fig.(l) Multipath reflections of the signal from rough terrain 

The propagation path between aircraft and ground ter- 
minals is not only by a direct line-of-sight mute, but via multi- 
path reflections as shown in Fig. 1. Thus, the signal received by 
the aircraft consists of a number of plane waves whose ampli- 
tudes, phases and angles of anivals relative to the direction of 
the aircraft motion are random. These waves interfere and pro- 
duce a varying field strength at the aircraft antenna. With the 
short wavelengths in the VHF and UHF bands and high aircraft 
speeds, the received signal is expected to fade rapidly during 
the aircraft motion. This multipath fading causes error in the 
transmission of digital signals. Since different modulation 
schemes have different error rates in a fading environment, it is 
important to study the fading characteristics of the &/ground 
channel to select a digital modulation that is robust to this fad- 
ing. 

A convenient way of characterizing the &/ground 
radio communication channel is in terms of its transmission 
coefficient [21. The transmission coefficient represents the 
amplitude and phase of the received signal when a unit ampli- 
tude continuous phase (CW) is transmitted. If the transmitted 
wave is given by 
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cos2xft = Re {exp (j2xft) } 

where Re denotes taking the real part, then the received signal 
will be 

where the quadrature components x(t) and y(t) are given by 

x ( t )  = Can ( t )  cos (2xf,,r + $,,) 

Y ( t )  = Can ( t )  sin (2xf,,t +en) 
n 

n 

At a given time both x(t) and y(t) are the sum of n independent 
zero mean random variables. Using the central limit theorem, x 
and y can be approximated as two zero mean Gaussian random 
variables with equal variance. 

E ( x )  = E ( y )  = 0, E ( x 2 )  = E ( y 2 )  = P d  = 0; 

where E denotes the statistical expectation. x(t) and y t) become 
zero mean Gaussian processes with equal variance 0,. There- 
fore the probability density function of the amplitude (enve- 
lope) r of the received signal has a Rician dismbution. 

1 

Re { T (f, t )  exp 0’2lCfr) 1 

where T(f,t) is the complex transmission coefficient which is a 
function of the time t and the frequency f of the transmitted 
wave. Fading is represented by the variations in the magnitude 
of T(f,t) as time is varied. Variation in the phase of T(f,t) as time 
is varied is often termed random FM. Variations in amplitude 
and phase of T(f,t) as frequency is varied are called frequency 
selective fading and phase distortion of the channel respec- 
tively. 

For a given transmitted frequency f , the received 
signal consisting of many plane waves with different Doppler 
shifts will have a power spectrum spread around the transmitted 
frequency. The power spectrum of T (f , t) can be expressed in 
terms of the strength of the signal received with each Doppler 
shift. The statistical properties of T(f,t) that are useful in com- 
puting the error rate performance of digital modulation schemes 
in the aidground channel are investigated in this section. 

If a single tone unmodulated carrier with frequency f, 
is transmitted, the received signal will in general consist of the 
following two components added to the white Gaussian noise: 

1) A line-of-sight (direct) component of power P, and carrier 
frequency f, + fD where fD is the Doppler shift of this line of 
sight component. This component is given by 

p s c 0 s 2 x  (fc + fD) f . 

2) A diffuse component with power P, due to the multipath 
reflected signals. This component is statistically analyzed in the 
following. 

It is concluded that the fading is Rician with the ratio 
K = P,/P, as a variable depending on the aircraft altitude and 
the ground reflection coefficient. 

The power spectrum S(f) of the diffuse component d(t) can be 
derived as [2] 

.................... .v)={/$Tz .If -fc/ < ; 
0 . .  ..................................... elsewhere 

where p ( O n )  is the power density with the angle and equals P ,  
times the probability density function of the angle.For On uni- 
formly distributed between 8, and e,, the power spectral den- 
sity is given by 

of n waves and can be expressed as [8] ‘d 1 ... vc+ ;cose,<f<fc+ icoSeL) 

d 0) = Ea,, ( 0  cos2x Vc +fn)  ( t  - T,, ( f )  1 

The diffuse component of the received signal consists 

sy)  = [ W L / 7  (-1 - (f-fJ 
n 

0 . .  ................................................. elsewhere where an ( I )  is the attenuation factor for the signal received om 
the n th path, T,, (t) is the propagation delay for the n th path 
relative to the specular component, andf,, = (v /k) cos e,, is 
the Doppler shift of the n th path with en the angle between the 

In general, S v) is not symmemc around f, as shown in Fig(2). 

directions of the aircraft velocity v and the n th path. I 

The totd power Pd of the diffuse component is the 
sum of the powers of the individual waves. d(t) can be written 
in the following form 

d 0) = Can ( I )  cos [2x (fc +fn)  r + $J 
n 

where $,, is a random phase uniformly distributed between 0 
and 2x. 

I I I  
9 9 o ’e 

Using trigonometric identities, d(t) can be expressed in terms ot 
two quadrature components as 

d ( t )  = x (t) cos ( 2xfcr) - y ( t )  sin (Zxf,?) Fig421 Power spectrum of the diffuse signal component. 
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sine, - sine, 

( @,-e, 
The autocorrclation function of x(t) and y(t) is 
E C X ( t ) X ( t + Z )  1 = ECY ( t )Y  (r+z) 1 h ( z )  = z 

Some interesting cases are considered below 

1. If 8, = 0 and 8, is very small, then 
Expanding using trigonometric identities and after some manip- 
ulation we get 

z2 E { x ( t ) x ( t + z ) )  = C T $ T { C O ~ ( ~ I ~ T + S ~ , )  I g(2) = 1 - 2  = gmin ,h(z )  = z = h ,  
The normalized autocoITtlation function g (z) is given by 

g (2) = E {COS (~xz;cOS~,) 1 

and depends on the distribution of the angles of arrival of the 
r e f l e c t e d  waves 8,. 

~imiliw~y, the crosscorrelation function of x(t) and y(t) can be 
derived as 

This case gives the minimum value of the autocorrelation func- 
tion and the maximum value of the crosscorrelation function for 
a given z. 

2. If 8, = 0 and 8, - 3- ,the autocorrelation function is max- 
imum. The maximum vake of the autocorrelation function is 
given by 

g(z) = l - f _ ( l - - )  =g,, 

x 

2 2  
4 3% 

E { x  W Y  ( t +  7) I = -E {Y ( t ) x  ( t +  z) I = 4~ { sin ( ~ ~ ~ ~ C O S ~ J  I when the aircraft is at low altitude (or mall elevation 

and the normalized crosscorrelation function is given by 

h ( 7 )  = E { sin (2x7' c o q  3 

During taxi and take off 8, can be assumed uniformly dismb- 
uted between 0 and 2%. and g (2) is given by 

g(z) = J0(2%7;) andh(2) = 0 

where Jo is the zeroth order Bessel function. This correlation 
functions have been used extensively in the modeling of the 
land mobile radio channel [l], [2] and the mobile satellite chan- 
nel [61, P I .  

obtain a closed form expression far the normalized correlation 
functions. However, we can obtain approXimate expressions 
using Taylor's series of the trigonometric functions when the 
product of the tirue shift z and the maximum Doppler fre- 
quency v/X is small. Fortunakly, this product is small enough 
in most practical situations of &/ground communications. 

k t  z = 2 x 4  represent this product in radians, then for z 1~ 

x 

For other distributions of 8,. it is not possible to 

z2 z2 Or g (2) = 1 - - - - E {  ~ 0 ~ 2 8 , )  and h (z) = zE { case,} 

In d e r  to simplify the derivation of the correlation functions, 
we assume that 8, is uniformly distributed betweenEl, and 8,. 
Thertfore 

4 4  

sin28, - sin28, 
E(cos28) = 

2 (8, - 8,) 
and the correlation functions become 

z2 sin28, - sin28, 1 and 
g(2) = b T ( l +  2 (e, - 8,) 

angle i.e. 8' is close to zero), the assumption that 8 has a uni- 
form distribution between 0 and 8, is reasonable and the auto- 
correlation function is bounded between gkn and g,, derived 
above. 

When the aircraft is flying over a lake or a smooth ter- 
rain at high altitude 8, # 0 but we can assume that the differ- 
ence between 8, and 8, is very small. Therefore 

E {case} = case, 
and the conelation functions can be approximated by 

2 
2 (zcose,) 

g(z) = i - f - [ 1 + ~ 0 ~ 2 e , ]  4 = i -  2 
h ( ~ )  = zcoseH 

For example if 8, is close to i, then g (z) = 1 , h (z) = 0 

andifOH = 4,theng(z) = I - -  , h ( z )  = - x z2 

4 jz 

0 0.008 0.016 0.024 0.032 0.04 0.048 

fDT 
Fig.(3) Autocorrelation function 
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The autocorrelation function is shown in Fig.(3). It is clear that 
the autocorrelation function for the case of small grazing angle 
(10 degrees) and small beamwidth (e, = fJL) is very close to the 
minimum function gmin. 

III. Experimental data 

MITRE participated in flight test analyses to characterize the 
aulground channel fading. One test was conducted at Midway 
Airport in Chicago and another at St. Paul Airport in Minneapo- 
lis by an ad hoc group formed by the Airlines Electronic Engi- 
neering Committee (AEEC) data radio subcommittee. Each test 
included transmitting an unmodulated continuous wave (CW) 
from the aircraft radio and recording the received signal by 
ground radio after down conversion to a center frequency of 3 
KHz. The transmitted frequency in both tests was in the 11 8- 
136 MHz band. The transmission took place during taxi, take- 
off, flying in the airport vicinity, landing and at the terminal. 
The recorded signals were sampled and analyzed to extract 
some channel statistics. The results showed Rician fading with 
strong line-of-sight component most of the time. However, 
severe fading was recorded during takeoff. Fig.(4) shows the 
spectrum measured at an altitude of 4OOO feet, a range of 18 
miles and at aircraft speed of 270 miles per hour. This speed 
yields a maximum Doppler shift v/h 2 50 Hz. The direct signal 
spectrum has its peak at 3204.5 Hz in Fig. (4) while the diffuse 
signal spectrum is contained in the 3192 Hz to 3195 Hz band. 
Comparing Fig. (2) and Fig. (4) shows a close agreement 
between the measured spectrum and the theoretical spectrum 
derived in the previous section and 

fc+ = 3205 ,fc+ ”cOseL = 3195 , f c +  YcoseH = 3192 x k 
Solving the last three equations simultaneously yields 

dBVrrns 

LOQMag 
1 0  
dB 

/ d i v  

-7 1 

3.0 3.1 3 . 2  KHz 

Fig. (4) Measured spectrum 

8, = 75” and 8, = 78.5” .Thus, the diffuse signal compo- 
nent has a narrow beamwidth equal to 3.5” . 

IV. Conclusion 

The VHF and UHF aeronautical mobile radio channel was stud- 
ied in this paper. The important applications of this channel 
were described. The channel characteristics were investigated 
and a stochastic model was proposed. The correlation functions 
that are required for the analysis of the bit error rate @ER) per- 
formance of digital modulation techniques were derived. The 
spectrum of the transmission coefficient was derived and com- 
pared with experimental data. The comparison showed the 
validity of the stochastic model. A forthcoming paper will use 
this model in computing the BER performance of the digital 
modulation techniques that are candidates for future airlground 
communication systems. 
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