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ABSTRACT 
 

This paper presents the design and performance of an Orthogonal Frequency Division 
Multiplexing (OFDM) scheme with the incorporation of diversity combining. This work takes 
advantage of the unique properties of the two-ray channel that dominates aeronautical telemetry. 
Such channels are characterized by deep nulls in the channel which depends on the difference in 
the differential delay of the paths. The diversity scheme takes advantage of this property to 
combine multiple antenna channels which are offset in space such that the nulls appear at 
different frequencies. An optimum combining scheme is developed which enables enhanced 
performance on 3-dB SNR channels. 

 
INTRODUCTION 

 
This work is motivated by results of our prior work which demonstrated the nature and behavior 
of the two-ray aeronautical channel and the dynamics of this channel[1]. The steady state phase, 
where the aircraft is up above and cruising, is the most significant phase of an aeronautical 
telemetry test, and could be demonstrated by a two-ray model. Because of the destructive 
interference, the two ray model results in a deep null, which causes significant phase distortion 
and also loss of the signal in the band [1,2].  
 
The physics of the two-ray channel model tells us that if we know the location, speed and 
position of aircraft, we can examine the actual impulse response of the channel. And the 
dynamics of channel caused by the motion of the aircraft can also be predicted. Thus, a whole 
range of variability of the channel dynamics over the range, height, velocity and direction of the 
aircraft can be easily derived.  
 
 

TWO RAY CHANNEL MODEL 
 
The two-ray ground reflection model shows a line of sight and a ground reflection path between 
the test article and ground station which satisfies law of physics based on geometric optics [1, 3]. 
 
The aeronautical two-ray channel model has been shown in Figure 1.  
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Knowing the speed and position of the test article, one can easily compute the distance and 
height of the test article from the ground station as a function of speed and climbing angle for 
each second [1],  

distance, 𝑑(𝑡) = 𝑑(𝑡 − 1) + cos (𝜃(𝑡) ∗ 𝜈(𝑡)) (1) 
height, ℎ(𝑡) = ℎ(𝑡 − 1) + sin (𝜃(𝑡) ∗ 𝜈(𝑡)) (2) 

Where, 𝜃(𝑡) = climbing angle of the test article at time t 
𝜈(𝑡) = speed of the test article at time t 
 
Using the ‘method of images’ from Rappaport [3], which is demonstrated in figure 2, the path 
difference Δ, between the line of sight and ground reflection can be expressed as,  

𝛥 = 𝑑 − 𝑑 =  (ℎ + ℎ )  + 𝑑 −  (ℎ − ℎ )  + 𝑑  (3) 
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Using equation (1), (2) and (3) the path difference, delta (Δ), can be calculated. Once the path 
difference is known, the phase difference 𝜃  and time delay 𝜏 , between the arrival of two 
components can be computed by the following relation,  
 

𝜃 =  
2𝜋𝛥

𝜆
=  

𝛥𝑤

𝑐
 (4) 

 
Using the two-ray model, we can now calculate the phase difference in the two tones of the 
impulse response. In our previous work, the phase difference between the direct path and the 
reflected path has been modeled using the above-mentioned physics of the two-ray model [1].  
 
Modelling of the impulse response with delay and phase shift per tap is shown in figure 3 below. 

Figure 3: Phase shift model 
 
Figure 4 shows, at each time 𝑡, each path arrives after a delay 𝛥𝑡, which is a function of the 
distances for the direct path 𝑑 and the reflected path 𝑑1 + 𝑑2, and each path arrives at an 
amplitude 𝐴1 and 𝐴2 at phases 𝜃1 and 𝜃2. The calculation of the angle increment per tap was 
performed using equation (4) [1]. 
 
When all these considerations are applied to our simulation, we got a spectrum that shows a 
classical null which varies across the spectrum over time as shown in Figure 4.  

 Figure 4: Frequency Response over Time 
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Figure 4 shows the opportunity for OFDM modulation where certain tones have a good channel 
and other tones have poor channel. This has been demonstrated in our previous work [1]. 
 
 

DIVERSITY COMBINING OFDM 
 
The motivation here is to find multiple independent representations of this channel offset 
sufficiently in phase such that one or more of these representations will be a good channel. Such 
a representation would be an array of vertically stacked antennas such that each antennas output 
is a phase shifted version of the response. Such a response is shown in Figure 5, where 4 
responses are shown equally spread across the phase space. Note that in the spectrum one or 
more tones has a good response. 

 
Figure 5: Four Independent Equally Spaced Representations 

 

Now consider a diversity combining system that accumulates N independent channels and 
weighs the contribution of each channel proportional to its signal to noise ratio (SNR). Such a 
system is referred to as a Maximum Likelihood Combining (MLC) scheme [3]. A representation 
of such a novel system is shown below in Figure 6. 

 

                      Figure 6: Optimum Diversity Combining 
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Key to this structure is the use of an adaptive equalizer which operates tone by tone using a 
simple gradient technique for the amplitude and phase separately. This approach equalizes each 
OFDM tone (k) with an amplitude |Wk| and a phase Th(k) and then does a weighted sum of the 
outputs where the weights are 1/|Wk|. If the channel noise is uniform then the combiner is the 
optimal MLC described above. 

 

RESULTS  
 

A diversity combining scheme described above was developed in a simulated environment to 
demonstrate the performance of such a system. A classical 2 ray channel was selected with a 3 
dB SNR. In each case a Monte Carlo simulation with 800 frames of 64 tone OFDM was tested 
where the number of antennas was varied from 1 to 6. The first case is instructive with just one 
and two antennas as shown in Figure 7 below. 

                
Figure 7: Error Performance with One and Two  Antennas 

 

This shows for one antenna the presence of errors by tone and by symbol over the whole 500 
frame experiment. In this case as expected the signal is barely perceptible and the null is near 
tone 50. The overall bit error rate(BER) is about 10%, clearly a very poor channel. The two 
antenna case shows the beginning of some signal structure with an overall BER of about 2%. 
Examples of  4 and 6 tones are shown in Figure 8 below. 
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Figure 8: Error Performance for Four and Six Antennas 
 

Clearly results for 4 antennas is better (BER of  0.3%)and the results for 6 antennas significantly 
better (BER 0f 0.03%). These results on a 3 dB SNR channel with severe phase and amplitude 
distortion is significant. A plot of the BER results for configuration 1-6 shown in Figure 9 below. 
Figure 9 shows the clear trend of improvement with added antennas.  

 

 Figure 9: Log10 of Bit Error Rate vs Number of Antennas 
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ANTENNA SPACING CONSIDERATIONS 
 

The scheme presented here depends on the ability to configure antennas in a practical way for 
combining. Assuming a commonly used L band system at 1.5 GHz with a wavelength of about 
.2m, one can compute the phase difference of antennas at various heights for a vertically stacked 
array. Based on Eq (3) above the variation of path differential can be shown over, TA height, 
range and antenna height for values of antenna heights from 0-100m as shown in Figure 10 
below. 

    
Figure 10: Path Difference vs Range and Antenna Height 

 
This shows that reasonable antenna heights provide sufficient path (phase) differences such that 
a compromise choice of antenna heights will provide diverse channels for combining. It remains 
to show how to optimize antenna locations in a vertical stack. 

 

CONCLUSIONS 
 

This paper presents a novel method for diversity combining independent antennas for application 
in aeronautical applications. This method is shown by simulation to provide useable data with 4-
6 diversity antennas on a 2 ray channel with just 3 dB SNR. These results are motivation to 
pursue additional analysis and testing to further support this approach. 
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