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ABSTRACT 
 

Systems using single carrier modulations for flight test transmissions perfectly fit noisy and 
time selective channels. However, the densification of the airport environment now makes the 
aero channel also frequency selective due to multiple reflections on surrounding buildings, 
especially while taxiing and taking off. Obviously, this has a direct consequence on hardware 
resources and user data rates. In such a context, COFDM represents an appealing solution 
thanks to its inherent robustness to multipath fading channels. But a direct application of an 
off-the-shelf COFDM standard is not straightforward as these standards are designed for 
specific channels whose characteristics are quite different from the aero one. That is why we 
made an experiment at Toulouse-Blagnac airport to jointly sound the channel and qualify a 
COFDM waveform. This paper then describes the construction of the waveform and the 
results of the channel sounding. From this, different standard paradigms are compared.    
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INTRODUCTION 
 

The new programs of aircrafts require from the telemetry systems higher data rates 
with an ever demanding quality of transmission in a constrained spectrum. From parking to 
far-flight, the transmission must be quasi-error-free. The telemetry systems must be versatile 
and must overcome multipath time-frequency dispersive channels as well as Gaussian 
channels at low values of Signal-to-Noise Ratio (SNR). 

Single carrier modulations like PCM/FM perfectly fit Gaussian channels but are not 
inherently robust to multipath frequency dispersive channel and require complex equalization 
to mitigate its effects. Thus, multicarrier modulations such as Coded Orthogonal Frequency 
Division Multiplexing (COFDM) represent an attractive alternative as they are inherently 
robust to frequency dispersion. COFDM is, for this reason, now part of many 
telecommunication standards such as DAB, DVB-T(2) ,Wi-Fi, Wimax or LTE. 

However, using those standards for Flight Test Instrumentation (FTI) is not 
straightforward as all of them have been built and tested on standardized channels sometimes 
far from the FTI perspective. The take-off channel is a doubly selective multipath one, so 
COFDM inherently mitigates frequency selectivity, but not its time selectivity. The COFDM 



parameters have to be carefully chosen to avoid a complex equalization to mitigate the Inter-
Carrier Interference (ICI).  

This article first presents C-band experiments that provided the characterization of the 
aero telemetry channel, from parking to far-flight as well as simulation materials for the 
waveform validation. Then, after a short review of the available standards, it exhibits the set 
of paradigms a COFDM waveform should comply to have the ability to mitigate those 
channels, along with a capacity above 2bps/Hz. Last, it shows performance results, including 
the worst cases of the encountered real channel. 

CHARACTERIZATION OF THE C-BAND AERO CHANNEL 
 

In order to derive the main characteristics of the C-Band aero channel like the delay 
profile or the Doppler spectrum, a test bench has been prepared and set up at the Airbus’ test 
airport at Toulouse-Blagnac. Parallel to this, the goal of this experimentation is also to 
estimate the performance of the COFDM waveform in real conditions. 

1. COFDM waveform 

Using OFDM to sound a channel requires some a priori information such as the 
maximum delay ���� and the maximum Doppler spread ���� in order to properly set the 
guard time �� and carrier spacing �	. As the parameter estimation is based on pilot and 

considering that all subcarrier is bearing pilot, the sampling theorem imposes a carrier spacing 
upper bound �	 < 1/���� , and �� > ���� to prevent ISI (Intersymbol Interference). On the 

other hand, the carrier spacing is lower bounded by the Doppler spread and from [1], the 
proper estimation of time varying channels requires ����	 ≪ ��. Based on Airbus operational 
experience in S-band, the worst case scenario has been portended at ���� = 15	μ� and 
����	 = 1600	��, thus 1.6	��� < �	 < 66	���. 

The second goal of this experiment is to select the best waveform under a constraint of 
spectral efficiency, e.g. trying to reach 20Mbps in an 8MHz bandwidth. To do so, simulations 
have been performed for different carrier spacing with a constant bit rate, which means 

founding for each carrier spacing the best set ���, ���� 	!" 	[2]& fitting a worst case channel 

scenario. This scenario is constructed by considering that ����	 = 1600	�� and an exponent 
path loss of 3 representative of an in-between semi-urban environment. Consequently, 
simulations have been performed on the channel described in Table 1. 

Table 1: Power delay profile for the simulated take off channel. 

Delay (µs) Relative Power (dB) Rician K factor 
0 0 1 
1 -3 1 

1.5 -8 0 
2 -12 0 
3 -15 0 
4 -18 0 
10 -33 0 
15 -40 0 

 



The following graph is obtained by running the channel on each carrier spacing 

set	'�	 , ���, ���� 	!" &()*+. 

 

Figure 1: BER vs. intercarrier spacing in the worst case scenario with the target data rate – no coding. 

Consequently, the best candidate for experimentation is 20 kHz. Below this value, the 
channel estimation MSE (Mean Square Error) is too large due to the ICI. Above, the carrier 
spacing is too wide to meet both sampling theorem on frequency pilot spacing for carriers 

,- 
 .
/ 	����	�	 and bit rate constraint. From this initial analysis, an adapted experimental 

COFDM waveform has been constructed. Its bandwidth is then equal to 8 MHz, the 
intercarrier spacing is set to 20 kHz and the FFT size is 512. The binary data is first encoded 
with an iterative FEC of rate ½ and then modulated with a QPSK constellation. The Guard 
Interval is a cyclic prefix of maximal duration 16µs. 

 

Figure 2: typical block diagram for COFDM signal generation. 

2. Test bench synoptic 

The COFDM waveform is generated from a PN23 binary sequence. The COFDM 
signal is firstly synthesized by software and then transposed in the C-band (with a central 
frequency equal to 5.135 GHz) with a SMBV 100 A from Rohde & Schwarz, which is a RF 
signal generator. This device is set up in the aircraft and the RF signal is transmitted from 
both nose and tail antennae. Two transmission antennae are used to ensure that the data link is 
always available, then to avoid some masking effects. A delay equal to 0.4 µs is introduced 
between both antennae in order to avoid the flat fading, due to the destructive recombination 
of the sum of the nose and tail signals.   



The ground antenna then receives the signal, corrupted by the propagation channel and 
additive noise. The received signal enters the RTR (Radio Telemetry Receiver), which is a 
specific telemetry receiver designed by Zodiac Data Systems. In this particular test bench, the 
RTR transposes the received signal from the C-Band to the Intermediate Frequency (IF) equal 
to 70 MHz. This transposed signal is finally recorded with a RSR (Radio Signal Recorder). 
This device records I and Q samples of an IF input signal. These recorded samples are finally 
post-processed by a dedicated analysis software to extract the channel characteristics like the 
delay profile and the Doppler spectrum in one hand and the waveform performance in terms 
of BER in the other hand. The full synoptic of the test bench is then displayed on Fig. 3. 

 

Figure 3: description of the test bench for the channel sounding experimentation. 

 

3. Exploitation of the RSR recordings 

Sessions of recordings have been scheduled from September to December 2012. From 
these sessions, almost 15 hours of flight have been recorded. From these recordings and the 
follow-ups of these different flights made by Airbus, it is then possible to extract the signal, 
and consequently the channel, in some specific aircraft scenarios like parking, taxiing, take-
off, landing and far flight. We here propose worst cases for delay profiles and Doppler 
spectrums, extracted from the Airbus’ recordings, for all the aforementioned scenarios. 

a) Parking 

In a parking scenario, a large part of the recordings gives the expected channel delay 
profile i.e. a superposition of two LOS (Line Of Sight) channels, each corresponding to the 
LOS propagation from the nose or the tail antenna to the ground antenna. However, it is 
interesting to observe that, in some cases, the channel seems to vanish during a very short 
while, as seen on Fig. 4.  



 

Figure 4: time evolution of the delay profile – parking scenario. 

By exploiting the evolutions of the AGCs (Automatic Gain Control), also recorded by 
the RSR, it is confirmed that these notches in the channel evolution are vanishings. This 
phenomenon is not clearly explained but it may come from an antenna misalignment. We also 
observe during very short periods some reflected paths with a maximal delay equal to 2 µs. In 
addition, one of the antennae is here masked by a building, which explains the presence of 
one LOS path only. Furthermore, in this parking scenario, the Doppler spectrums are very 
close to a Dirac peak, as expected.  

b) Taxiing 

Due to the configuration of the Airbus’ test airport, it is possible to observe long 
echoes in the delay profile, due to the signal reflections on distant buildings. This is verified 
by the post-processing of the recordings as seen on Fig. 5. 

 

Figure 5: time evolution of the delay profile – taxiing scenario. 



We observe between t=170 s and t=172 s that both nose and tail antennae are visible 
by the ground antenna (the discontinuity at t=172 is a software artefact of LOS centring). We 
also see multiple signal reflexions in this case, with a long but low-powered maximal delay 
(18 µs with power around 20 dB below the LOS). Moreover, the maximal observed Doppler 
spread is 400 Hz. 

c) Take-off and landing 

This is the most demanding scenario as it concurrently holds multipath effects that are 
due to surrounding buildings and Doppler effects due the take-off speed of the aircraft. This 
can be verified by the delay profile in Fig. 6.  

 

Figure 6: time evolution of the delay profile – take-off scenario. 

We clearly observe the presence of numerous but low-powered reflected paths. The 
maximal delayed path may reach 19 µs. The slope of these reflected paths are due to the 
aircraft shifting and consequently, it is possible to estimate the aircraft speed while taking off 
(here around 80m.s-1). We also remark some short time signal maskings from t=97 s and 
t=100 s, which can be explained by the presence of numerous buildings between the ground 
antenna and the runway. Parallel to this, the observed Doppler spread in a general case is 
around 600 Hz. Delay profiles in the landing case are quite comparable to the take-off case 
but the reflected paths are more powerful. Consequently, we observe an enlargement of the 
Doppler spectrum to 1.2 kHz during very briefs periods, corresponding to long and high 
powered echoes.        

d) Far Flight 

In a far flight context, corresponding to a distance of 100 km from the ground antenna, 
we observe the delay profile presented in Fig. 7. This figure clearly shows the presence of 
only two LOS paths (due to both transmitting antennae in the aircraft). As expected, the far 
flight channel may be assimilated to a Gaussian channel. 



 

Figure 7: time evolution of the delay profile – far flight scenario. 

 

PERFORMANCE COMPARISON OF DIFFERENT WIRELESS STANDA RDS ON 
REAL CHANNELS 

 
The first goal of the experimental COFDM waveform has been reached and the key 

parameters obtained from the experiment enable the reconstruction of a synthetic channel 
representative of the real one. We then compare different paradigms from different standards 
by running them on the channel described in Table 2, exploiting the results obtained in Fig. 6.  

Table 2: real take-off channel @ 80m/s - Dmax = 1200Hz and SNR 30dB. 

Delay (µs) Relative Power (dB) Rician K factor 
0 0 1 

0.8 -3 1 
4 -18 0 
10 -33 0 
14 -38 0 
18 -38 0 

 

We selected four COFDM-based standards for performance comparisons on this take-
off channel. The values of the guard interval duration and the intercarrier spacing are listed in 
Table 3 for each solution. 

Table 3: considered wireless standards for performance comparisons. 

Standard ��	(µs) �	 (kHz) Simulation 
ZDS solution  6.25  20  Yes 

WIMAX 802.16e 11.43 10.94 Yes 
LTE 4.7 15 Yes 

DVB-T2 31 (19 to 128) 4.47 No 
802.11a (iNet 0.7) 0.8 312.5 No 

  



The iNet 0.7 solution (fully based on the IEEE 802.11a standard) has not been 
simulated because it has been first designed for an indoor environment. Consequently, the 
channel estimation is mainly done on block type pilot (preamble) with a few scattered pilots 
(4 to 64), and [3], [4] prove that this standard is not adapted in a mobile outdoor environment. 
Nevertheless, we checked by simulation its inability to make an error-free transmission at the 
lowest required rate (6.4Mbps) on the take-off channel of Table 2. 

DVB-T2 has not been simulated either because the ratio ����/�	 is here equal to 0.26, 
which is too high to ensure a good robustness to time selectivity. We then require at least a 
decision feedback equalizer (DFE). This solution necessitates the channel state information in 
the time domain to avoid an error floor at high SNRs [5]. However, the presence of significant 
long echoes above ��/2 = 15.5µs cannot justify such an implementation and, as suggested by 

Fig. 2, reducing ICI at ISI cost is more efficient in terms of BER and hardware resources. The 
main asset of COFDM in flight test transmissions is its immunity to multipath channels, but at 
Peak-to-Average Power Ratio (PAPR) cost. This cost can be justified as long as its 
complexity is less than Single Carrier ISI equalization, which is inherently robust to ICI. 

Other waveforms have been simulated on the take-off channel (see Fig. 8) in keeping 
overhead for each standard constant and in selecting the best scattered pilots repartition and 
guard time for each one. A standard LS equalization has been performed for each paradigm 
with a 4/5 and 2/3 code rate FEC leading to a bit rate equal to 20 Mbps and 16.8 Mbps 
respectively. The number of iteration is implementable in an up to date FPGA.  

 

Figure 8: BER performance for standard paradigms on take-off channel. 

None of the waveform is error free at 20Mbps during the take-off. However, the 
experimental waveform is the only one to be error free at 16Mbps. This was expected as the 
experimental waveform is the one with the lowest ����/�	 ratio. This is also the reason for 
this waveform to have the greatest margin to mitigate the Doppler spread as shown by table 4. 
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Table 4: Waveform capacity vs. Doppler spread on the take-off channel. 

Standard 
Maximum rate 
���� = 1200Hz 

Maximum rate 
���� = 2400Hz 

Maximum rate 
���� = 3200Hz 

ZDS solution 16.8 Mbps 12.6 Mbps 10 Mbps 
802.16e 8.4 Mbps 6.4 Mbps BER=0.01 @ 6.4 Mbps 
3GPP 12.6 Mbps 10 Mbps 6.4 Mbps 

 

TESTS ON RECEIVER 

Our experimental waveform has been first implemented in a RTR receiver with a LS 
equalizer. The obtained results are very similar to the simulations as shown in Fig. 9. The 
same inflexion point, caused by the combination of the limited number of FEC iterations and 
the power increase due to long echo flashes, can be noticed. 

 

Figure 9: Receiver first results on take-off channel. 

First results in a far-flight scenario are also encouraging, as seen on Fig. 10, but should 
be improved in a near future. 

 

Figure 10: Receiver first results vs. target performance on AWGN channel. 
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CONCLUSION 
 

In this paper, a COFDM waveform has been presented, enabling to jointly characterize the 
aeronautical channel at Toulouse-Blagnac airport and qualify a waveform with a capacity of 
2.1bps/Hz. Other standard paradigms have been tested on the sounded channel and have been 
proved to be less performing in terms of BER. This result was expected as those standards 
have been built to meet their target channel requirements, indoor channel for 802.11a, 
vehicular-A channel model for full mobility for 802.16e e.g. 120km/h max [6] or 250km/h 
typical in rural outdoor environment for LTE 3GPP (to be halved in C-band) [7]. 
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