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Abstract 

Aeronautical communication system provides various services to ground networks such as public safety, military services, etc. 

Major aspect in communication system is to provide a low delay, cost effective, and high speed data connectivity. Due to the 

high velocity of the aircraft Aeronautical communication is highly affected by Doppler shifts. The aeronautical en-route scenario 

is modeled as a two ray channel with a Line of Sight (LOS) component and a reflected signal. The DOAs of the LOS and 

reflected signal can be estimated by a hybrid method of eigen values and autocorrelation using the properties of the received 

signal covariance matrix. Based on the DOA, the signals are separated by singular value decomposition method; Doppler shifts 

are corrected individually and combined using diversity combining techniques at the receiver section. Simulation results show an 

increase in Bit Error Rate performance after diversity combining.   

Keywords: Aeronautical Channel, Doppler Shift, En-Route, OFDM System, Singular Value Decomposition, Two Ray 
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

Aeronautical Data Networks (ADN), in which aeronautical platforms are potentially part of a multi-tier network, is researched 

for future wireless communication systems. The leading reasons for developing an ADN is increase in air transportation driving 

the data communication demand for Air Traffic Control (ATC) and Air Traffic Management (ATM).The necessarily for low 

delay, low cost and high speed in-flight multimedia services, for a terrestrial communication networks. Aeronautical 

communication provides services for ground networks, public safety, military communication and high data rate in-flight 

connectivity [1]. Many highly mobile platforms, which include, trains and aircraft, contribute to challenging performance for an 

OFDM system. The problem appears clearly when subscribers travel in long or even short distances, it is noticeable that each 

time discontinuity of data transmission occurs or failure in receiving the data, terminal connection or fading signal reception, the 

transmission system to get affected. Such occur due to longer symbol duration causing channel, i.e., Doppler spread, which 

causes loss of orthogonality between the subcarriers. Due to the high mobility the OFDM system will experience inter carrier 

interference.  

 
Fig. 1: System model for an Aeronautical channel [5] 
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As the OFDM has high sensitivity to frequency offset, the Doppler frequency shifts occurring in the such an aeronautical 

degrades the system performance. A highly mobile platform allows ADNs to provide a critical service for various situations, 

which include in public safety communication, disaster situations, Denial of Service (DoS), in-flight Internet, etc. There are three 

scenarios in aeronautics- en-route scenario which means the aircraft is airborne, arrival/takeoff scenario and taxi/parking scenario 

as in Fig1. Since the velocity of the aircraft is higher in the en- route, the effect of Doppler shifts will be more compared to the 

rest of the aeronautical scenarios [2-4]. 

The remainder of this paper is organized as follows. Section II, deals with an aeronautical channel and a two ray modeling. 

Section III, include the system model that is a hybrid method of eigen and autocorrelation based estimation is done along with 

singular value decomposition technique for proper resolution of rays. Separation methodology is used to compensate the Doppler 

shifts. In Section IV, simulation results for both estimation and compensation are presented, followed by concluding remarks in 

Section V. 

II. AERONAUTICAL CHANNEL 

The en route scenario is majorly affected due to the high velocity of the aircraft. It has been modeled as a two ray model with an 

LOS (Line Of Sight) path and reflected rays. Doppler shifts tend to occur due to the motion of the aircraft. Doppler shifts tend to 

majorly affect during flight. The en-route method will help to combine to a compact method and area-efficient channel simulator 

for this aeronautical En-Route scenario. The en route is mainly focus on a two ray modeling that has travelling during flight that 

is at air to air travel. 

 Equations 

The two-ray ground reflection model takes both the direct path and a ground reflection path. The two ray ground reflection 

model gives better prediction at a long distance than the free space propagation model. The received power at distance d and is 

given as 

𝑃𝑟 (𝑑) =
𝑃𝑡𝐺𝑡𝐺𝑟ℎ𝑡

2ℎ𝑟
2

𝑑4 𝐿
 (1) 

Here ht and hr are the heights of the transmit and receive antennas respectively. Pr is the power at the receiver side and Pt is 

the power at the transmitter side. The equation has L=1. This is added to be consistent with the free space model [2]. The height 

of transmitter and the height of the receiver side has been assumed. Thus assuming these parameters as mentioned above the 

power of the two ray modeling of the rays that are received are given (1). 

 The en- route channel might experience an intermittent loss of LOS signal with increasing Doppler spread which will cause 

channel Doppler spectrum [16]. Hence the channel transfer function becomes as (2). 

ℎ(𝑛) = ℎ0𝑒𝑗2𝜋𝜀0(𝑛) + ℎ1𝑒𝑗2𝜋𝜀1(𝑛−𝑇) ∂(n − T)       (2) 

Where h0 the amplitude of the LOS path is given by h0 , ℎ1 amplitude of the reflected path, ε being the normalized Doppler 

shift and τ is the time delay.. The normalized Doppler frequency shifts for the LOS and the reflected path are ε0 and ε1 are 

respectively. 

 
Fig. 2: Block diagram of System Design 

III. SYSTEM MODEL 

Major challenge is to find out the multi-Doppler shifts in the aeronautical channel especially in the case of the two ray shifts. In 

the case of a two ray aeronautical channel, they have independent phases that are, uniformly distributed random variables. Hence 

it can be said that the expectations of all cross products are zero. The hybrid method has done using a singular value 

decomposition method has the capability to bring different channel signals with different gain. Additionally, it can be said that 

the aeronautical channel system can bring about more flexibility when singular value decomposition is being used. Hence spatial 

selectivity is achieved can be made easier. The signals obtained after a two ray modeling of a channel, are then subjected to eigen 

matrix from where the correlation between the antenna elements of the transmitter and receiver is found [2]. Then are then 

subjected to channel matrix decomposition using singular value method. This involves classification into time dependant and 

independent signals. Only the time dependant signals are extracted (resolving of rays). 
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The resolved rays are then taken for diversity combining which are then send to the received. If the size of an autocorrelation 

matrix is said to be MXM in which it can be said that y(n) is the sum of the autocorrelation matrix due to the signal Rs = (R0 + 

R1) and the autocorrelation matrix due to noise, Rn. Then the autocorrelation matrix may be written as Ry = R0 + R1 + Rn. 

Thus, the eigen values and eigenvectors of Ry may be divided into two groups. The first group has eigenvectors with their 

respective eigen values greater than σ2w, i.e., Vs = [V1, V2, . . . Vp]. This set is referred to as signal of interest containing 

eigenvectors and are in the signal subspace. The second group consists of eigenvectors that have their eigen values equal to σ2w 

and hence the associated vectors are Vn = [Vp+1, Vp+2. . . VM]. They are referred to as noise containing eigenvectors and span 

the noise subspace. 

 Singular Value Decomposition 

SVD is a better way of expressing or transforming correlated variables into a set of uncorrelated variables that better expose the 

various relationships between the original data items. It can be said as a method of rearranging the data items along which the 

data items exhibit most variation. 

Suppose M is a m × n matrix whose entries come from the field K, which is either the field of real numbers or the field of 

complex numbers. Then there exists a factorization, called a singular value decomposition of M, the equation can be given as 

follows 

M=UEV*                                                            (3) 

U is a m × m, unitary matrix, 

E is a m × n diagonal matrix with nonnegative real numbers on the diagonal, and V∗ is a n × n, unitary matrix 

V∗ is a n × n, unitary matrix over K. 

(If K = R, unitary matrices are orthogonal matrices.) V∗ is the conjugate transpose of the n × n unitary matrix, V. The diagonal 

entries, σi, of Σ are known as the singular values of M. A common convention is to list the singular values in descending order. 

In this case, the diagonal matrix, Σ, is uniquely determined by M (though not the matrices U and V). By this method beam 

forming can be done. 

In SVD, the decomposition of a channel are as follows:  

H=UE𝑉𝐻                                                               (4) 

y=H x                                                                    (5) 

y= [
y1

y2
]        H= [

h11 h12

h21 h22
]    x= [

x1

x2
]                   (6) 

[
y1

y2
]    =    [

h11 h12

h21 h22
]    [

x1

x2
]                                  (7) 

Implementation of SVD can be illustrated as follows.                                      

y=H x                                           (8) 

H= U E VH                                              (9) 

Assuming that the precoding matrix is V and receiver matrix is UH 

y= UH  (U E VH) V x                          (10) 

y=I E I                                             (11) 

y= E x                                              (12) 

Where  

E =   [
σ1 0
0 σ2

]                           (13) 

y= [
σ1 0
0 σ2

]   x                                    (14) 

The channel matrix can thus be obtained such that 𝜎1   and 𝜎2    being the gains of the channel matrix. Such a decomposition 

helps is obtaining and resolving of the rays.                                                                                                                                                                                                                                                                                                               

 Doppler Compensation and Combining 

Multiple signals may be transmitted or received, such that these are combined together in the receiver section. It helps to exploit 

the multipath propagation and hence contribute to diversity gain. The copies of the signals that are available are exploited. 

 Maximum Ratio Combining (MRC) 

In MRC, the signals are weighted and these are co-phased and summed, while in equal gain combining the signals are co-phased 

but summed with unity weights. When the channel coefficients are known, the signal is transmitted from antennas experiencing 

independent fading (adopting antenna selection or weighting techniques) in order to maximize the signal power at the receiver 

[6]. 

In MRC each of the signals are co phased after the singular value decomposition. The diversity combining, having branch 

weights for maximal ratio combining method can be given as                           
                       β

l
=     al   e

jθl                                 (15) 
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Where l= 0,1,.....L-1,  al is the amplitude  of the lth branch and noise power. Note that the gain on each branch is proportional 

to the amplitude of the signal. Then by using Maximal ratio combing technique, the equation can be given as 

y (n) = yβ0(n)  β0 + yβ1(n) β1                                      (16) 

 Selection Combining (SC) 

Is the process of switching the direction at which the elements what switched beam forming was to beams? The element 

experiencing the highest SNR is chosen such that each element is independent sample of the fading process. For an aeronautical 

channel of a two-ray channel, there will be two processing of spatial signals, yB,0(n) and yB,1(n), such that the two processing 

chains are assumed to be available such that the each path is processed separately as the weights of two paths are different. Then 

the signals are further combined that contributes to receiver system performance. The signal experiencing the highest SNR is 

selected for further processing such that 

            βl   =  1      l=l0                                                      (17) 

                                                                                   0          otherwise 

Where βls can be said as the weights for each branch, and here, l0 is the branch with the highest received signal power. Thus 

for the aeronautical channel the equation for selection combing can be given  in equation  below [6] 

y (n) = 𝑦𝛽0(𝑛)  β0 𝑒𝑗 2 𝑝𝑖 𝑛 𝜀0/𝑁+ 𝑦𝛽1(𝑛)  β1 𝑒𝑗 2 𝑝𝑖 𝑛 𝜀1/𝑁      (18) 

 Hybrid Selection/ Maximal Ratio Combining (H-S/MRC) 

H-S/ MRC diversity system include a system in which L out of N diversity branches are selected. These are then combined using 

maximal -ratio combining. This technique provides improved performance over L branch MRC with additional diversity 

available. One is selected from N signals. This signal is then co phased and added together combined to maximize the 

instantaneous signal to noise ratio at combiner output [7]. 
Table – 1 

System Parameters 

Parameters Specifications 

N o of samples 1000 

Channel Two ray channel 

Modulation QAM 

No of subcarriers 128 

Diversity technique Maximum ratio combining /selection combing 

IV. RESULTS AND DISCUSSIONS 

A hybrid method of eigen and auto correlated matrix and its values are taken into consideration as per the two ray modeling. 

Here the MATLAB simulations were performed to evaluate the performance of the three scenarios focusing mainly on en-route 

scenario. Typically aeronautics have three scenarios, that include taxi or parked, takeoff or landing and en route scenarios. 

Evaluation has been done at a condition where the aircraft is en-route, that is, during flight. They are performed based on a 64-

point OFDM system. The system include the singular value decomposition using maximum ratio combining, singular value 

decomposition selection combining and singular value decomposition with hybrid technique. 

 
Fig. 3: BER comparison plot for SVD - MRC and SVD- (H-S/MRC) and SVD -SC and conventional beam forming caption. 

When an OFDM signal is transmitted and the receiver receives a corrupted signal as a result of addition of different Doppler 

shifted signals. Based on the angles, the singular value coefficients are generated for the spatial processing of the received 
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signals. Simulations have been based on a 64-point OFDM symbol with a signal to noise ratio of 30 dB. Due to the Doppler shift, 

a dual Doppler shift error is likely to arise of -0.5 to +0.5 range at the subcarrier randomly, introduced to simulate the Doppler 

caused by the aeronautical channel. An extensive iteration and averaging has been done to better estimate the performance during 

diversity combining. The correlation is highest when both the transmitter and receiver section antenna are close to one another. 

And as the aircraft moves apart from the transmitter side, i.e. as the distance increases the correlation is decreased. From Fig 3, it 

is seen that the maximal ratio combining method performs better with a BER plot than selection combining method. Hence it 

observed that among the diversity combing techniques maximal ratio combining performs better providing a lower BER than 

that of selection combining. It is observed that in hybrid diversity combining, the technique performs better than the other 

systems even at a low signal to noise ratio. Hybrid diversity with singular value decomposition helps in resolving the rays and 

makes it easier to extract the best among the signals. Combining the selection and maximal ratio the error. 

V. CONCLUSION 

The challenge of dual Doppler shifts with varying relative delays for an aeronautical channel condition has been identified. In an 

aeronautical channel condition, among other impairments, the transmitted signal experiences two different Doppler shifts that are 

detrimental to OFDM performance. The receiver then receives these two combined signals. This condition completely degrades 

the OFDM performance. Due to which Doppler mitigation is necessary. The impact on the Doppler is has been reduced through 

MATLAB simulations. Using eigen matrix the values have been be evaluated. The signals are extracted and have then be 

combined using diversity techniques, thus obtaining an increase in performance and rate of accuracy in communication. 

Simulation results show an increase in performance after diversity combining. The application of hybrid method for the 

aeronautical environment is a novel technique that not only resolves the Doppler problem, but takes advantage of improving 

channel performance. 

REFERENCES 

[1] Mustafa Cenk Erturk, Wilfrido Moreno, et. al, "Aeronautical Data Networks‖, University of South Florida, USA, IEEE Trans. Commm communication., 

Vol. COM-21,pp. 548–563, April 2012. 
[2] Erik Haas, Member, IEEE ," Aeronautical Channel Modeling‖, IEEE Transactions on Vehicular technology, Vol. 51, No. 2, March 2002. 

[3] Jan Jaap van Beek , IEEE member ,Magnus Sandell, et. al,"ML Estimation   Of Time And Frequency Offset in OFDM systems" IEEE transactions on 

signal processing, Vol 45 . No 7, July 1997. 
[4] H A Mohammed1, M J N Sibley1 et. al, " Investigation of Doppler Effects   on high mobility OFDM-MIMO systems with the support of High  Altitude 

 Platforms (HAPs)",Systems Engineering Research Group  (SERG), School of  Computing and Engineering, 2010. 

[5] Jamal Haque, M. Cenk Erturk et. al , "Doppler Estimationn in the OFDM   based  Aeronautical Communication" ,Electrical Engineering    Department, 
 University of South Florida IEEE, Tampa, Fl, USA.  Tampa, Vol. 50, No.  1  January, 2014. 

[6] Jamal Haque, M. Cenk Erturk et. al , "Doppler Mitigation in OFDM  based  Aeronautical Communication", Electrical Engineering Department, University 

of South Florida IEEE, Tampa, Fl, USA. Tampa, Vol. 50, No. 1  January, 2014. 
[7] Moe Z Win, Jack H Winters , "Analysis of Hybrid Selection/Maximal -  Ratio combining of diversity branches with unequal SNR in Rayleigh  fading". 

Vehicular Technology Conference, 215 - 220 vol.1, 20 May 1999. 


