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ABSTRACT
In some flight test scenarios the telemetry link is noise limited at long slant ranges or during
signal fade events caused by antenna pattern nulls. In these situations, a mitigation technique
such as forward error correction (FEC) can add several decibels to the link margin. The
particular FEC code discussed in this paper is a variant of a low-density parity check (LDPC)
code and is coupled with SOQPSK modulation in the hardware tested. This paper will briefly
cover lab testing of the flight-ready hardware then present flight test results comparing a baseline
uncoded telemetry link with a LDPC-coded telemetry link. This is the first known test dedicated
to this specific FEC code in a real-world test environment with flight profile tailored to assess the
viability of an LDPC-coded telemetry link.
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INTRODUCTION
Forward error correction, a way of adding more information to a transmitted bit stream, has been
around for many years and comes in many different forms. The correction code implemented in
the telemetry hardware tested falls under the general category of parity check codes, the “lowdensity” term stems from the parity check matrix containing mostly 0’s and relatively few 1’s.
For further reading on low-density parity check codes refer to Gallagher and his revolutionary
monograph [1]. This specific LDPC variant comes from the satellite link community and is
identical to the ARA4J code described by the Consultative Committee for Space Data Systems
“Orange Book” [2]. The Orange Book describes nine different LDPC codes with differing code
rates (rate 1/2, 2/3, 4/5) and information block sizes (1024, 4096, 16384). In the trade between
bandwidth efficiency, coding gain, and block size the rate 2/3 code was chosen with an
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information block size of 4096 bits. The same code rate and block size is also used by the
integrated Network Enhanced Telemetry (iNET) program for error correction.
LDPC is a “block” code meaning that a block of information bits have parity added to them in
order to correct for errors in the information bits. Given the power of these codes and their ability
to correct errors at very low Eb/No coupled with the need to distinguish the information/parity
blocks from other information/parity blocks, a synchronization marker is added. In this case the
attached synchronization marker (ASM) is 256-bits with a very specific structure designed to
enhance synchronization and frequency/phase estimation for the demodulator. The resulting
packet structure is shown in Figure 1.
ASM (256-bits)

Information Bits (4096-bits)

Parity Bits (2048-bits)

Figure 1 – Packet Structure
Figure 1 defines the bit structure after coding is added which would then be applied to a
modulator/power amplifier (transmitter) for transmission. Another way to think about the
structure, for every 4096 information bits there are 6400 bits transmitted leading to a bit
expansion factor of 25/16 (6400/4096). Implementing this bit-encoding into an airborne
transmitter is not a daunting task. Building a receiver/demodulator that can maintain
synchronization and re-synchronize at very low Eb/No along with accurately performing the
decoding process is a daunting task.
Does this forward error correction coding work in the aeronautical channel? That is the question
this paper will attempt to answer. First, characterize the transmitter/receiver pair in terms of
spectral occupancy, detection performance, and resynchronization performance. Second, present
flight test results over various flight profiles comparing the coded link performance to the
uncoded system in terms of overall link availability (LA) [4].
LABORATORY HARDWARE TESTING
Prior to flight testing, the hardware was tested in the Telemetry Laboratory at Edwards AFB. The
testing was comprised of comparing the modulated spectrum, detection performance, and
resynchronization performance between the coded system to a reference uncoded system. Both
coded and uncoded transmitter/receivers were from Quasonix, LLC, the uncoded system
represents current state of the art SOPQSK performance in terms of waveform generation and
detection. The lab testing was done with a baseband data rate of 5Mbps and 10Mbps thought to
be representative of data rates in use today at the Ranges and also to gather performance data for
the data rate of the follow-on flight tests.
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Figure 2 - Spectrum Occupancy Comparison, SOQPSK vs. SOQPSK-LDPC

Figure 3 – Detection Efficiency (Eb/No vs BER)

Figure 4 – Resynchronization Time
A comparison of the modulated spectrum reveals the expected result, the over-the-air SOQPSK
waveform for the coded system occupied 25/16 (1.56 times) that of the uncoded system. Where
the parity bits are a liability in terms of occupied spectrum, Figure 3 clearly illustrates the benefit
of these bits in detection performance. When detection performance is compared at a bit error
rate of 1.0e-5, the coded system exhibits a detection gain of roughly 9dB which also matches
well with prior simulations [8]. Any communication engineer realizes that 9dB is an impressive
number to add to a link budget. Resynchronization performance was then investigated as
demodulator resynchronization time is one contributor to degraded link availability. Figure 4
shows the general trend that the LDPC decoder/demodulator adds time (in terms of bits) to
resynchronize when testing flat fade recovery [6]. Given the complexity of the LDPC
decoder/demodulator and what it must accomplish during each block at potentially very low
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values of Eb/No, and high data rates, this number seems justified. The purpose of coding is to add
link margin in a noise limited channel. This added resynchronization time could suggest that
adding LDPC to a telemetry link may not be a good idea in a fading-limited channel. Lab testing
gave some insight into the performance of the LDPC-coded system with the results providing no
indication that the hardware should not be tested in an airborne environment.
AIRCRAFT AND GROUND STATION SYSTEM DESCRIPTION
The airborne system was designed to simultaneously produce LDPC-coded and uncoded
SOQPSK modulated telemetry streams which were output power matched, combined, and sent to
a bottom antenna on the C-12 test platform. This approach eliminated aircraft location (if
separate flights were used for uncoded and coded signals), transmit antenna placement (differing
transmit patterns of separate antenna were used), and output power as variables in the
comparison. Figure 5 shows a block diagram of the aircraft transmission system. Output power
was not only matched, but depending upon flight profile, further attenuated in order to reach the
maximum range calculated in the link budget for that particular test. The other variable is carrier
frequency for the LDPC and reference signals. For the test conducted, C-Band was chosen for
Range scheduling purposes in addition to providing further telemetry testing in this newly
acquired telemetry band. Minimum signal separation given the modulation scheme (SOQPSKTG) and over-the-air data rate were adhered to per the recommendations in IRIG-106. See Table
1 for a list of the flight parameters for each test.

Figure 5 – Aircraft System Bock Diagram
Flight
158
159
160

Fref
4630.5MHz
4612.5MHz
4612.5MHz

FLDPC
Channel Rate
4410.5MHz
10Mbps/15.625Mbps
4630.5MHz
5Mbps/7.8125Mbps
4630.5MHz
5Mbps/7.8125Mbps
Table 1 – Flight Parameters

Pout
+20dBm
+30dBm
+18dBm

The ground station utilized either an 8 foot or 10 foot parabolic dish as the receiving aperture.
Existing ground station telemetry receivers were used as sources of automatic gain control
(AGC) data for both coded and uncoded telemetry signals captured and recorded by the Antenna
Control Unit (ACU). Each receiver, one labeled “Ref” and one “LDPC” were both tuned to their
respective frequencies of the day (see Table 1). The test receivers for the Reference and LDPC
links were connected to the right hand circularly polarized (RHCP) and left hand circularly
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polarized (LHCP) multicouplers through power dividers for access to the RF signals from the
antenna. Each receiver used diversity combining prior to demodulation. It should be noted that
the LDPC decoder is resident within the Quasonix LDPC receiver. Each test receiver was then
connected to bit error rate testers and each receiver’s AGC were sampled and recorded. The bit
error rate tester was used to capture and record individual bit errors on a second by second basis
for detailed post flight analysis. The Reference link was chosen as the tracking signal for each
flight removing one potential unknown from each test.

Figure 6 – Ground Station Block Diagram
FLIGHT TESTING DESCRIPTION
Three flights (Flights 158, 159, and 160) were dedicated to testing the viability of LDPC as a
forward error correction code for aeronautical telemetry. Flight 158 was conducted at the Sea
Range at Pt. Mugu, Flights 159 and 160 were conducted at Edwards AFB. Portions of each flight
were tailored to showcase the benefit of a coded telemetry link i.e. fly in a predominately noise
limited channel and compare link performance in terms of Link Availability between the coded
and uncoded link. Since most flight tests are not strictly flown in noise limited channels, i.e.
flown at long slant ranges at high altitudes, there were also test points flown in a multipath
limited channel in order to assess LDPC link performance in a more “typical” aeronautical
telemetry channel.
The flight profile of Flight 158 consisted of an off-shore flight path outbound from the telemetry
receive station with a climb starting at 7.5K’ mean sea level (MSL) ending at 25K’ MSL (Point
I). Point I was flown out to two different maximum slant ranges (which after post-flight analysis
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it was determined that neither slant range approached the end of the serviceable coded link
range). Point J is the return path back into shore with a descend profile the opposite of the
outbound profile offering a different aircraft antenna pattern than the outbound leg. Each point
offers both types of channels as the links suffer from a noise dominated channel as slant range
increases which then includes multipath as the receive antenna elevation decreases. The flight
track for Flight 158 is shown in Figure 7.
Flight 159 was constructed to characterize link performance in both a noise dominated channel
and a multipath limited channel over land. Point H1 is an outbound track with a climb starting at
4.5K’ MSL and ending at 30K’ MSL. Given the altitude and maximum slant range, this point
only characterized each link in a noise limited channel. Point H2 was the return path offering a
different antenna gain pattern presented to the receive antenna as the aircraft flew towards the
telemetry receive site. The last two test points were along the Cords Road flight corridor (points
C/D) flown at an altitude of 5K’ MSL. These test points are well characterized exhibiting
portions known to be rich in multipath allowing a comparative assessment of link performance
for this type of channel over land. Once the post flight analysis of Flight 159 was completed, it
was determined that points H1/H2 were not flown past its useable range. Since the aircraft
already flew to the limits of the restricted airspace, transmitter power had to be decreased in
order to achieve the required result. Flight 160 only flew points H1/H2, this time with reduced
transmitter output power for both links. Figure 8 shows the flight tracks for Flights 159 and 160.

Figure 7 – Flight 158 Flight Track

Figure 8 – Flight 159 and 160 Flight Tracks
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FLIGHT TEST RESULTS
Signal to Noise Ratio and Bit Error Rate versus Time
It is clear through coding theory and the prior lab testing (see Figure 3) that the LDPC code adds
an additional 9dB of detection efficiency in a strictly “noisy” channel. In a flight scenario, as
signal-to-noise ratio (SNR) decreases to a point where errors appear on the Reference link, the
LDPC link should be error free if those errors were due to noise. What is unknown at this time is
the effect that multipath will have on the coded link. From the lab testing any multipath event or
channel anomaly that causes the demodulator to resynchronize will cause the LA for the coded
link to degrade when compared to the Reference link due to the added resynchronization time
(see Figure 4). How this all plays out in a real flight test environment is the reason for
performing these flight tests.
Time correlated antenna system data was captured from the ACU (see Figure 6) which included
antenna pointing angles (for post flight antenna tracking calculations) and AGC levels of the
telemetry receivers tuned to the Reference and LDPC link frequencies. Prior to each flight each
receiver’s AGC was zeroed allowing estimates of SNR. Because of this, the following figures
showing plots of SNR versus time can be used for both relative and absolute SNR comparisons.
These SNR levels are typically an excellent metric for channel conditions including effects of
antenna pattern nulling, multipath, and receive antenna pointing errors. Combined with the SNR
versus time plot is the instantaneous BER in one second intervals throughout the test point.
These figures illustrate the effect the channel event had on each telemetry link in terms of both
SNR and BER. Each figure identifies the Severely Errored Second metric of an instantaneous bit
error rate of 1.0e-5, the link is “in-service” if the BER is less that this limit and “out-of-service”
if the BER is greater than this limit.
Flight 158 was the first flight conducted and was the only flight conducted over water. Figures 9
and 10 show only test points I1/I2 as these points illustrate the intended purpose of the test,
illustrate the benefit of coding in a noise limited channel. As the aircraft flew away from the
receive site and climbed, SNR dropped. A closer look at Point I1 reveals that at ~8:15:58 the
SNR level was low enough to start causing errors on the Reference link. Errors did not start
occurring on the coded link until ~8:21:00. Between times 8:15:00 and 8:22:00 the channel was
noise limited and by observing the occurrence of bit errors on both links, the benefit of forward
error correction is evident. At 8:22:33 the link benefitted from a composite aircraft antenna gain
of roughly 10dB negating the noise-limited condition. As the aircraft continued outbound,
antenna elevation decreased allowing multipath to be a contributor to error events. At the end
point there was still enough SNR available for the coded link but given the very low elevation
angle (2 degrees) of the receive antenna, multipath became the limiting channel condition. The
same observations can be made for Figure 10 (Point I2).
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Figure 9 – Flight 158 Receiver AGC/BER vs. Time, Point I1 (Outbound)
Points J1/J2 are not shown as they are not interesting, i.e. neither link exceeded its link margin
nor had any interesting channel anomalies. This is primarily due to the composite antenna pattern
from the aircraft provides greater gain when looking at the aircraft, or, stated another way, when
the plane is flying towards the receive site. Remember, the objective of this test was to illustrate
the benefits of coding in a low SNR condition which was not the case for Points J1/J2.

Figure 10 – Flight 158 Receiver AGC/BER vs. Time, Point I2 (Inbound)
Flight 159 was conducted over land and combined test points with channel conditions containing
low SNR (Points H1/H2) and multipath (Points C/D). Figure 11, the outbound point H1, started
with the antenna initally being off track leading to errors in both links. Once the pointing was
corrected the only errors to occur prior to the Reference link going out-of-service were due to a
combination of aircraft antena pattern nulls and multipath. At no time during the test point was
the coded link out-of-service. On the return path a combination of constructive multipath and
greater aircraft antenna gain allowed the Reference link to stay in-service. At ~10:57:00 a 10dB
drop in signal is observed causing the Reference link to drop out-of-service due noise dominating
the link. Note that the coded link is providing error-free data at this point. At ~11:04:00 the
Reference link has the necessary SNR to return to in-service and continues that way until the end
of the test point. Figures 13 and 14 show the effects of a multipath dominated channel on both
telemetry links. Rapid fluctuations of receiver SNR along with slow variations are characteristic
of this channel. Throughout both test points multipath events caused errors in one or both links.
A closer inspection shows the general trend that the uncoded link in low SNR conditioins was
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more affected by multipath events than the coded link. Also, rapid fluctuations in SNR
characteristic of short delay multipath affected the coded link more. The mechanism behind this
is not fully understood. Lastly, line of site (LOS) was lost at the end of Point C and the start
Point D which caused error events in both links and negatively bias the Link Availability in both
links.

Figure 11 – Flight 159 Receiver AGC/BER vs. Time, Point H1 (Outbound)

Figure 12 – Flight 159 Receiver AGC/BER vs. Time, Point H2 (Inbound)

Figure 13 – Flight 159 Receiver AGC/BER vs. Time, Point C
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Figure 14 – Flight 159 Receiver AGC/BER vs. Time, Point D
Figures 15 and 16 for Points H1/H2 for Flight 160 clearly illustrate the benefits of forward error
correction in a noise limited transmission channel. As the aircraft flies away from the telemetry
receive station (Figure 15, Point H1) and signal strength slowly decreases, the Reference link
drops out-of-service first, then after some amount of time (and distance) the coded link drops
out-of-service. The reverse is true for the fight path towards the receiving station (Figure 16,
Point H2), signal strength slowly increases enabling the coded link to be in-service first, then as
signal strength further increases the Reference link is then in-service. For the inbound point, the
coded link was in-service at 9:04:27, the Reference was in service at 9:15:24. When slant ranges
were calculated at those points in space, an increase in slant range of about 94km (102km
uncoded to 196km coded) was realized, or about double the uncoded range. Lab measurements
said to expect a 9dB gain, real-world gain was 6dB.

Figure 14 – Flight 160 Receiver AGC/BER vs. Time, Point H1 (Outbound)

Figure 15 – Flight 160 Receiver AGC/BER vs. Time, Point H2 (Inbound)
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Link Availability
The accepted system-level performance metric for telemetry links is Link Availability (LA) [4].
As indicated in Figures 16 through 18, this communication channel exhibits long error free
intervals interrupted by signal fades with durations as long as seconds. For these flight profiles
these fades are caused by a combination of aircraft antenna pattern gain variations, multipath,
and ground station antenna pointing errors. These fades cause large error tallies potentially
coupled with demodulator resynchronization.
Link Availability for each test point was calculated per the following equation:
LA (%) = �

(𝑇𝑇𝑜𝑡𝑎𝑙 − 𝐸𝑆)
𝑇𝑇𝑜𝑡𝑎𝑙

� ∗ (100%)

TTotal – Total length of the test point or interval of interest
ES – Errored Seconds, summation of SES and LT
• Severely Errored Second (SES) - 1 second interval where bit error rate > 1x10-5
• Lost Time (LT) - 1 second interval where demodulator was not in synchronization
The flight at Pt. Mugu tested the coded link in a noise limited channel over the water. Link
Availability results (Figure 16) show that for this flight test profile, the coded link outperformed
the uncoded (Reference) link for both outbound and inbound flight tracks. The inbound track
outperformed the outbound track due solely to the greater composite antenna gain of the aircraft
when viewed from the front of the aircraft.

Test Point
I-1
J-1
I-2
J-2

Link Availability
Reference
LDPC
53.6%
80.3%
95.0%
100.0%
36.6%
66.6%
82.7%
93.0%

Figure 16 – Link Availability Results, Flight 158
Flight 159 had two distinct flight paths to not only test the telemetry links in a noise limited
channel (Points H1/H2) but also in a channel known to exhibit short and long delay multipath
(Points C/D). Figure 17 shows the LA results for both channel environments. As expected, LA
for the coded link far exceeded the Reference link for Points H1/H2. As was discussed
previously when analyzing the SNR data for Points C/D, there are portions of the flight path
where coding provides benefit (low SNR) and portions where it is a detriment to the link
(multipath events). If both points are viewed together as a “round trip” test point, coding
provided no noticeable gain or loss in LA.
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Test Point
C
D
H1
H2

Link Availability
LDPC
Reference
95.9%
98.3%
94.4%
91.2%
92.0%
98.5%
89.1%
100.0%

Figure 17 – Link Availability Results, Flight 159
One could argue that Flight 160 is the definitive test clearly demonstrating the benefit of forward
error correction for aeronautical telemetry. Points H1 and H2 from Flight 159 were re-flown with
additional attenuation on both telemetry links to ensure link margin would be exceeded on both
links. It is clear given the resulting LA numbers for both test points that the coding gain played
great dividends in this flight scenario. The extremely low values of LA for the Reference link are
due to the time the Reference link was out of service but the coded link was still providing useful
data. This out-of-service time was counted as Errored Seconds which lowered overall LA.

Figure 18 – Link Availability Results, Flight 160
CONCLUSIONS
•

•
•

•
•

The penalty of this specific implementation of LDPC is baseband data overhead, 2/3 rate
code with the attached synchronization marker leads to a bandwidth expansion factor of
25/16.
Lab testing showed resynchronization time is greater for the receiver implementing the
LDPC decoder.
Using the inbound test Point H2 during Flight 160, evaluating “real-world coding gain” was
calculated. When evaluated at a BER=1.0e-5, the coded link extended the slant range by a
factor of 2, or a 6dB gain
Link Availability numbers clearly show the benefit of FEC for noise dominated transmission
channels.
Link Availability numbers also show no significant loss or gain when using a coded link in a
multipath dominated transmission channel.
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 LDPC FEC provided error correction in a noise limited channel
 LDPC FEC does not mitigate multipath
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