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Assessment of the phase correlation properties of a commercial passenger aircraft’s RF emissions leaking through its windows

This contribution provides the result of a measurement campaign done in June/ July 2007 related to the assessment of the phase correlation whose aim was to answer whether an aircraft using a leaky cable antenna as radiating element, installed inside and along the aircraft cabin, has the potential to act as a phased-array when observed from a far-distant point (phased-array effect). 

This contribution provides a description of the test methodology allowing measuring the phase and the magnitude of the RF signal received at each aircraft window. From the phase measurement, it can be observed whether there are some phase correlations between aircraft windows. By using the phase and magnitude results for each window and by using a superposition model, it was possible to extrapolate the radiation pattern at a given distance and to see whether there is a concentration of energy in a particular direction.

1 Test description 

The measurement methodology was developed by the Institute for Electromagnetic Compatibility at the Technical University of Braunschweig, Germany. The phase and amplitude measurement was done for all frequencies relevant for GSMOBA operation. Four test frequencies corresponding to the operating NCU frequency bands were provided by BnetzA, the German regulatory Administration.

Figure 1 depicts the measurement test set up.
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Figure 1: measurement test set up

The measurement was done by means of a Vector Network Analyzer (VNA) also known as scattering analyzer. In order to compensate the attenuation of the cables and the leaky cable antenna to achieve a sufficient dynamic range, the transmitted signals were amplified with an external amplifier during the measurement.

The reason for using the coupler and the multiport-adapter is justified by the fact that the calibration plane could not be defined at the leaky cable antenna and the receiving antenna inputs as the signal level provided at the amplifier output would have been too high for calibration and might have damaged the measurement equipment.

The multiport-adapter allows measuring either the signal injected into the leaky cable or the signal measured at the receiver antenna placed at the aircraft windows as depicted in Figure 2. In doing so, it was possible to determine the phase difference between the signal injected into the leaky cable and the signal received. 

The tests required a receive antenna with a wide frequency range (between 400 MHz and 2.1 GHz) and a small size compared to the window (see Figure 2), in order not to change the electromagnetic field unduly.

The VNA is controlled through a laptop, which allowed to automatically carry out the measurements.

An initial measurement was carried out where the receive antenna was placed at different locations in the same aircraft window. The result of the measurement concluded that the phase measured was effectively the same for different locations in the window and hence can be represented by a single complex value.
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Figure 2: antenna installed at aircraft window

Note that the aircraft window width is 23.6 cm.

2 Analysis and measurement result 

As all devices used in the measurement were characterized through the Vector Network Analyzer, it was possible to determine what the magnitude and phase of the signal was at each aircraft window.

Figure 3 depicts the description of the different transfer functions of each element.
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Figure 3: description of transfer function

A(f):
the transfer function of the amplifier

K1(f):
transfer function of coupler (on the leaky cable side)

K2(f):
transfer function of cable + relay (multiport adapter)

K3(f):
transfer function of coupler + relay

Sf(f):
transfer function of the amplifier, coupler and relay

S0(f):
transfer function of the whole loop (amplifier, coupler, leaky cable, 
receiving antenna and relay)

To determine the magnitude and phase of the signal at the window, the following equation applies:
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Gives us the following equation:
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Based on the above equation, it is possible to extract the phase and the magnitude of the signal at each window and for the frequency of interest. See Figure 4 to Figure 7 for the results obtained.
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Figure 4: Phase at windows at 460 MHz

Figure 4 clearly shows that a correlated phase does not occur across all the aircraft windows nevertheless although some phase correlations (“dots closely aligned”) can be seen for the 450 MHz band in clumps of up to 3 aircraft windows.
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Figure 5: Phase at windows at 918 MHz

Figure 5 clearly shows that a correlated phase does not occur across all the aircraft windows phase correlation. However for the 900 MHz band some correlation of about three aircraft windows (window 20 – 22) is observed.
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Figure 6: Phase at windows at 1802 MHz

Figure 6 shows that a correlated phase does not occur across all the aircraft windows with some correlation of up to about three aircraft windows is observed for the 1800 MHz band.
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Figure 7: Phase at window at 2125 MHz

Figure 7 shows that a correlated phase does not occur across all the aircraft windows but for the 2GHz band at particular windows, a phase correlation of up to three aircraft windows can be observed. 

In summary Figure 4 - Figure 7 clearly show that a correlated phase does not occur across all the aircraft windows for any of the four frequencies used. Nevertheless some phase correlation of up to three aircraft windows is observed. 
3 Post-analysis

The results of the tests have shown that while some correlation occurs across up to three neighbouring windows there is no phase correlation observed across the full length of the fuselage. In order to see the relative impact of this distribution on the radiation pattern some distance away then the cumulative effect of multiple windows has to be calculated using the superposition model. 

The results of this analysis can then be compared with a theoretical approach which assumes that all transmitting points are in phase and the amplitude is the same for each point.  The likelihood of a phased array can then be deduced.

3.1 Description of the superposition model

For assessing these measurement results, a mathematical model known as the superposition model is used which assumes that each aircraft window acts as an isotropic radiator and is fed by a source inside the aircraft. Each source point is characterized by its magnitude an, its phase (n and its wavelength (. As it is assumed that there are no obstacles, the free-space path loss for each distance ln,α, is used in this superposition model. For a given angle α, the field is calculated at the distance D by aggregating the fields excited by the corresponding aircraft windows. Each window mid point is separated by 53.34 cm distance from each other.
The superposition model equation is as follow:
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Where 

D:

the distance from the aircraft to a given point; 

a: 

the signal amplitude at the aircraft window; 

N: 
the number of aircraft windows 

dn:
the separation distance between the window and the center of the array

Rmax: 
the maximum field-strength found considering all angles (
Rα:
the normalized value for a given angle ( and
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Figure 8: Geometrical representation of the superposition model

Figure 9 shows an example application of this superposition model for 1802 MHz. For the calculation, it is assumed that all windows are phase- and amplitude-coherently excited. The calculation was done for the angle α ranging from -90° to 90° and a distance D of 10km.
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Figure 9: Calculated normalized radiation pattern at 1802 MHz and 10 km distance assuming phase- and amplitude-coherent excitation of the radiating elements

3.2 Comparing real radiation pattern with coherent excitation model

Based on the phase and magnitude measurement results, it is possible to extrapolate the normalized radiation pattern at a given distance D and angle  by applying the measured phase and amplitude values to the superposition model. The following graphs show the results of the calculation using both the measured values (solid curve) and coherent sources for each window (dotted curve).
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Figure 10: Normalized radiation pattern at 460 MHz and at 10 km distance

From Figure 10, it can be observed that the pattern obtained from the measurement at 460 MHz has a considerably different form as the theoretical pattern obtained from coherent signals. The coherent model clearly shows a strongly directive pattern with a single lobe, whereas the curve calculated from the measurement results show no concentration of energy at any particular angle in a 10 km distance. Hence, any gain effect of the aircraft caused by a phased-array effect can be excluded.
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Figure 11: Normalized radiation pattern at 918 MHz and at 10 km distance

From Figure 11 it can be observed that the extrapolation of the coherent sources provides a directive profile, which is not reflected in the measurement results. The measurements show no concentration of energy at any particular angle 10 km distance away from the aircraft and hence, any gain effect of the aircraft caused by a phased-array effect can be excluded.
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Figure 12: Normalized radiation pattern at 1802 MHz and at 10 km distance

The measured results at 1800 MHz (see Figure 12 ) show an even distribution of signal across angles and no phased array phenomena (i.e. no pronounced gain) effect is observed.
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Figure 13: Normalized radiation pattern at 2150 MHz and at 10 km distance

Given the random distribution of signals for the measured results shown in Figure 13 no gain effect is observed at 10 km distance for at 2 GHz.

The main conclusion from the calculation results shown in Figure 10 - Figure 13 is that the radiation patterns using the extrapolated measured values do not have the same form than using coherent sources at each window. Further the radiation patterns produced do not show any combined signal which may give an array effect at a given distance (i.e. no marked gain shown). Even at the longest distance calculated (i.e. 10 km) there is no concentration of energy at a specific angle.

4 Conclusion

A measurement campaign took place in June 2007 in order to assess the phase and magnitude of the signal reaching each aircraft window when illuminated by a leaky cable antenna according to the commercial Mobile OnAir solution.

The phase measurements at each window show that phase correlation across all the aircraft windows could not be observed. However, some phase correlation of up to 3 aircraft windows can be seen.

Based on the superposition model, a radiation pattern was calculated for an observation distance of 10 kilometres by assuming that the signal at all windows was phase-coherently excited and gets the same amplitude. This reference radiation pattern was then compared with the same extrapolation method but using the measurement results obtained (phase and magnitude). The measured results using the superposition model does not show a concentrated peak of energy and no specific beam form is observed. From these calculations, it is shown that under practical conditions a phased-array effect cannot be observed for a distance of 10 km.

Moreover, the measurement results of the ground and the in-flight measurement campaign confirm this conclusion (see contribution GSMOBA-07078). It can be observed that the attenuation at window obtained for the seat 4A (which is closest to the window) is similar to the attenuation at window at seat 6D whose location is seen from several aircraft windows.

Finally observing that any type of phase correlation at most can only be seen up to three aircraft windows depending of the frequency then the equivalent antenna can be considered as having an effective length of much smaller than the entire length of the aircraft cabin. Indeed the ground measurement does not need to be conducted at around 3 km away from the aircraft as it was suggested in some early GSMOBA meeting.
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