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1. INTRODUCTION

The Federal Aviation Administration is currently investigating the
feasibility of establishing a digital communication link between aircraft
and the ground based air traffic control (ATC) system. This link is
expected to be a more efficient transmission system since many of the
routine voice messages can be transmitted more efficiently in a digital
format with a corresponding reduction in work load on the air traffic
controller and voice communication system. Other uses also can be envisioned
for the facility that are not currently available in the present ATC system.
For example, aircraft position, as seen by ground based radars, can be
relayed to the aircraft from the ground stations. Another use might be to
relay aircraft position, obtained by triangulation at the aircraft, to
ground based computers in order to provide a more accurate determination of
aircraft location. Some type of link also would be necessary in order to
transmit maneuver commands in a ground based collision avoidance system.

A number of frequency bands have been considered for digital data trans-
mission. The lowest frequency proposed to date is a VHF system operating in
the existing 118-136 MHz aeronautical radio band. This system is the .subject
of investigation in the present report. Other frequencies that have been
considered are the 1030 to 1090 MHz band currently used by the discrete
address beacon system (DABS), and a new system at 1600 MHz. A satellite
data link at 1600 MHz is also a possibility that would serve transoceanic as
well as continental needs. Several other systems have the potential for
transmitting data to serve special functions. The microwave landing system
(MLS) and the differential OMEGA navigation system fall into this category.

This report describes a series of flight tests to observe the
characteristics and problems of digital transmission at 118-136 MHz. All
flight tests were conducted by Federal Aviation Administration personnel at
the National Aviation Facilities Experimental Center (NAFEC) in Atlantic City,
New Jersey. Equipment used during the test flights was assembled by
Department of Commerce, Office of Telecommunications personnel, who also per-
formed the final analysis of the data as described in this report.

The VHF digital transmission experiment, as configured in these tests,
largely uses existing air/ground communication equipment. The airborne and

ground transmitters and receivers are conventional double sideband, amplitude



modulated (DSB-AM) equipment that are normally used for voice communications
on channels with either 25 kHz or 50 kHz nominal bandwidth. Digital modula-
tion with minimum-shift-keying (MSK) as specified by the Federal Aviation

Administration, is used with bit transmission rates of 2400 and 4800 bps.

2. DESCRIPTION OF FLIGHT TESTS

A pictorial diagram of a typical flight is shown in figure 1. As can
be seen, information is recorded at the aircraft, a remote ground site, and
at a tracking radar. All information is recorded on digital recorders along
with a standard time reference so that the tapes subsequently can be inte-
grated into one common tape for further analysis. The NAFEC extended area
instrumentation radar (EAIR) continuously tracks the test aircraft and pro-
vides a record of the aircraft's azimuth elevation angle and slant range.

The digital data link continuously transmits a test signal from the bottom
antenna of a Gulf Stream aircraft at a frequency of 120.85 MHz. Aircraft
parameters such as heading, roll, pitch, and yaw are recorded so that esti-
mates of the aircraft's locations can be made during periods of poor radar
coverage and also for correlation with test data. The data link receiving
equipment is located approximately 1/2 mile from the end of NAFEC runway
13-31.* Records of bit and block errors, received signal level, and model
status are made at this site,

A detailed block diagram of the equipment at the ground site is shown in
figure 2. Basically, three receivers are used. Two of these are tuned to
the data link signal while the third is tuned to a clear channel at 121.5 MHz
to monitor local noise. The AN/GRR-23 has a bandwidth of 36 kHz (at -6dB
level) and is the receiver that supplies the data link signal to the MSK
demodulator. Receiver AGC is recorded as a measure of the input signal level.
The TMR-5 receiver is also tuned to the data link signal and has a nominal
bandwidth of 30 kHz. The primary difference between these receivers is that
the TMR-5 is operated with the 'squelch'" disabled and a fast AGC response
in order to provide a more detailed look at the fading structure of the
received signal. 1Its AGC is sampled at a higher rate to enable reconstruction

of fast fades.

¥ 1 mile = 1.609 kilometers
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An NF105 noise receiver is used to monitor noise at the ground site.
The receiver has a nominal bandwidth of 110 kHz and is tuned to a clear
channel frequency of 121.5 MHz that normally is used only during emergency
communications. Although this frequency is 650 kHz offset from the data
link frequency, it is felt that the receiver provides a useful function in
monitoring locally generated noise such as ignition noise or switching
transients.

The AGC voltages from all three receivers are sent to separate DC
amplifiers which appropriately prepare the signals for digitizing by the
HP-5610A analog to digital converter/multiplexer. The output from the
AN/GRR-23 VHF receiver also is sent to the MDL-510 MSK demodulator where it
is demodulated into the received digital sequence that is subsequently ana-
lyzed for errors by the HP-1645A data analyzer. The HP-1645A used in these
tests was modified to provide a continuous parallel output of bit errors,
block errors, clock slips and carrier loss. Bit errors are measured in the
data test set by comparing the received sequence with a stored replica of
the transmitted pseudo random sequence. Error information from the data ana-
lyzer and outputs from the A/D converter are recorded on magnetic tape along
with a time code. Analog records are also made during each flight by
recording the AN/GRR-23 and TMR-5 AGC signals on a chart recorder. Bit
errors and a 1 second time code are recorded on a digital printer.

A block diagram of the equipment in the aircraft is shown in figure 3.
The digital sequence originates at the 1200 data analyzer where it is
then sent to the MSK modem. The audio signal from the MSK modulator is
connected to the AM input terminal of a conventional VHF transceiver and is
transmitted via double side band amplitude modulation at a frequency of

120.85 MHz. A time code signal and the aircraft parameters are recorded

simultaneously at the aircraft for subsequent merging with the ground site
data. Voice communication between ground and aircraft is also available
during the experiments.

A list of the parameters that are recorded at each of the sites is
given in table 1. The sampling rate is 10 samples per second on all ground
and EAIR radar signals, except for the TMR-5 receiver which is sampled at
400 times per second. All aircraft parameters are sampled at one sample per

second.
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Table 1. List of Parameters Recorded During
the Flight Tests.

Ground Station
Bit Error Count
Block Error Count
Carrier Loss Count
Clock Slip Count
Time (day, hour, minute, second, tenth second)
Flight Number
Modem Status
Receiver Signal Level - AN/GRR-23
Receiver Signal Level - TMR-5
Receiver Noise Level - NF-105

Aircraft
Time (day, hour, minute, second, tenth second)
Heading
Altitude
Roll
Pitch
Yaw
Calibrate/Test Status
Flight Number
Modem

Radar
Slant Range
Azimuth
Elevation Angle
Time (day, hour, minute, second, tenth second)
Flight Number
Loss of Track
Beacon or Skin Track

Three CA-1781 VHF antennas (swastikas) are used at the ground site,
cach mounted on separate towers approximately 60 feet in height and 80 feet
in separation.* These antennas are approximately omni-directional in the
horizontal plane with a circular polarization. The aircraft antennas are
conventional vertically polarized blade antennas mounted on the bottom of

the aircraft.

* 1 foot = 0.3045 meters



3. MSK DATA TRANSMISSION

Digital information is transmitted during the flights with minimum-
shift-keying (MSK) modulation. This section of the report describes some of
the general characteristics of this type of modulation. Basically, MSK is a
bandwidth conservation technique that potentially can transmit a binary
sequence of rate R via a signal with a 3 dB bandwidth of approximately R/2.
The MSK system as configured in these tests, however, requires an RF 3 dB
bandwidth four times this value or 2R (Juroshek, 1973a, 1973b) .

Assume for the moment that the digital transmission rate is 2400 bits
per second (bps). With MSK, a binary "1'" is transmitted by sending either
a full cycle of a 2400 Hz tone, or a half cycle of a 1200 Hz tone as shown
in figure 4. Similarly, the binary "0" is sent either with a full cycle of
a 2400 Hz tone or a half cycle of a 1200 Hz tone. The choice of whether to
use full or half cycles is dictated by the requirement that the transition
between succeeding bits be phase continuous (this means that the time wave-
form has a continuous derivative). Thus, a sequence of digits is transmitted
by a continuous series of full and half cycles of 1200 and 2400 Hz tones as
shown in the lower half of figure 4. Note that a binary "1" always has a
transition in the positive direction at the end of a bit period while the
transition for a binary "0" is in the negative direction. The 4800 bps
system has a similar diagram except that 2400 and 4800 Hz tones are used.

The MSK as depicted above commonly is referred to as a baseband signal
in that it is generated at audio frequencies. The power spectral density of
the baseband MSK signal is shown in figure 5 (Bennett and Rice, 1963).
Probability of a bit error for the baseband MSK system in Gaussian noise

with optimum detection is given by

1 1/2}
Pe = ?{ l-erf [E/NO] > (1)
where E 1s the energy per bit and No is the noise power density as measured
at the input to the demodulator. This expression is identical to the perfor-
mance of bi-phase, coherent phase-shift-keying.
So far, we have considered only the baseband MSK signal. As noted,

some additional circuitry must be used in order to translate the signal to

the appropriate VHF frequency. Currently, the Federal Aviation Administration



Note: Vertical lines represent one bit interval.
2400 Hz 1200 Hz

Data "0" R or Q

e R . e | SN - oA e, |
N

Bit values are determined by the slope at the end of a bit interval.
Tones are selected to insure phase continuous keying.

Figure 4. Description of an MSK signal.



°ZH 00¥Z PuU® QQCT SIB SSU03
jrusuer], °TeUSTS YSW ‘puodds=-i1ad-11q Q01T
fsnonutiuod oseyd B Jo A31Tsuep TeIroads Iemod °S oandTy

ZHY ‘Aouanba.y

ASW

0G-

ud
N

=
i

u
~
1

(e
ro
|

u
o~d
|

()
(9 V]
|

uo
|

0l-

gp 'Ajsuag |04423dS 1amod 3A1}D|3Y

10



is using conventional double sideband amplitude modulation to transmit the
signal. The MSK baseband signal is simply connected to the audio input
terminal of a conventional air/ground VHF transmitter and the percentage
of modulation is set at 85%.

Generally, this type of transmission is compatible with existing air/
ground voice communication equipment. One exception is that some units
require modification to avoid distortion due to nonlinear phase response in
the audio circuitry, and to increase AGC attack times. The equipment used in
these tests is able to pass audio signals from 400 Hz to 9.6 kHz within +6 dB
of the 1000 Hz level. The only unit modified was the AN/GRR-23.

Various schemes have been proposed for synchronization of MSK. One of
these is the transmission of an initial sequence of ''1's'" and various ASCII
data characters to allow for receiver stabilization, establish bit sync, and
resolve a potential phase ambiguity due to the modulation. The modems in
these tests ran continuously, transmitting the pseudo-random sequence of bits
that originated in the HP-1645A data test set. No special synchronizing
sequence was used at any time during the tests. After a signal dropout, the
demodulator simply relies on the pseudo-random sequence to re-establish bit
synchronization. Block synchronization is not necessary since this is
automatically done by the data test sets. Also, there is no need to resolve
a positive or negative phase ambiguity since this is correctly resolved prior

to the first flight and does not change during the tests.

4. TEST RESULTS

This section describes the results of 11 flights that were conducted
at NAFEC and a general summary for each flight is given in table 2. As can
be seen, the flights are numbered from 5 through 16 with flight number 8
omitted. The flights are generally towards one of three directions:
New York City; Scranton, Pennsylvania; or Norfolk, Virginia. A map showing
the approximate path of each flight is presented in figure 6. The Néw York
City flights can be classified best as "over water'" while the Scranton flights
are "over land". The Norfolk flights can be considered a combination since

the flight path traverses both land and water.

11
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4.1 Received Signal Level

The first test parameter to be examined is received signal level in
microvolts versus aircraft slant range. Received signal in this section of
the report refers to the average level of the data link signal reference to
the antenna input terminal of the AN/GRR-23 receiver. The slant range is
obtained from the recorded radar information with each measurement corrected
by a computer to reflect distance relative to the ground site rather than the
EAIR radar. Often during a flight, the radar lost track before the data link
became inoperative. In order to obtain slant range during these periods, the
flight path was reconstructed using ''dead reckoning" based on heading altitude
and airspeed information recorded in the aircraft. This process generally
provides satisfactory results. Two examples of this process are shown in
figures 7 and 8 where slant range versus time is plotted. The solid lines
represent the data as supplied, where periods of no radar contact are simply
connected by solid lines. The reconstructed flight paths are shown by dashed
lines. Figure 7 shows a point where momentary radar contact was obtained,
and is probably due to a false radar track.

A plot of the received signal level values, as averaged over a 10 sec
period, versus slant range is shown in figure 9. This plot is a scatter
diagram of points taken from all flights, and all altitudes between 0 and
20,000 ft. A theoretical estimate of received signal power, assuming free

space transmission losses, is

PR = PT - 32.45 - 20logf - 20log(1.85d) - L + G (2)

where PR is the received power in dBw, Pt is the transmitter power (14 dBw),
f is the frequency in MHz, and d is the slant range in nautical miles. The
system losses and gains are denoted by L and G respectively, and are also

in dB. System losses are the total losses from aircraft and ground site
cables, while system gains are the combined antenna gains (relative to
isotropic) from the aircraft and ground antennas. The data presented later
in the report will show that the losses and gains are approximately equal and

therefore,

-L+G=0 (3)

14
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Slant range, n mi

Average received signal level versus slant range

for all aircraft altitudes.

Figure 9.



which means that (2) can be expressed as
PR = PT - 32.45 - 20logf - 20log(1.85d). (4)

For convenience we will include polarization mismatch losses in G and simply
view polarization losses as a reduction in antenna gain. The solid line in
figure 9 is a plot of equation 4. The signal level in volts is related to
PR by

Pr/10 1/2
V = (50 x 10 R/ ) / , (5)

assuming a 50 ohm receiver input impedance. Figure 9 shows that the signal
level rapidly decreases as the aircraft approaches the radio horizon. The
radio horizons for an aircraft at 5,000 and 18,000 ft as shown in figure 9,

are calculated using the approximation
4 = 0.869(2h) /2, (6)

where dh is the distance to the radio horizon in nautical miles and h is the
aircraft's altitude in feet above mean sea level. This approximation assumes
an effective earth radius of 4/3 the true earth radius. The approximation
also neglects the height of the ground site antenna. As can be seen, the
experimental data generally agree with the theoretical calculation with the
measured signal levels, on the average, equal to the theoretical calculation.
In order to isolate the effects of aircraft altitude, the preceding
data are shown replotted according to aircraft altitude. Figure 10 shows
the received signal level versus slant range given that the aircraft is
between 0 and 6,000 ft. The only major difference appears to be a rather
sharp decrease in signal level as the aircraft approaches the 6,000 ft radio
horizon. Figure 11 is a similar plot except that now the aircraft is between
6,000 and 12,000 ft. Again, the only major difference is an extension of

the radio horizon due to the higher aircraft altitude. A plot of the data

18
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when the aircraft is between 12,000 and 18,000 ft is given in figure 12. As
with the other graphs, the only major difference appears to be the extension
of the radio horizon due to the increased aircraft altitude. There are no
data samples at slant ranges less than 20 n mi in figure 12, since the test
aircraft did not fly at high altitudes when it was close to the NAFEC facility.
In summary, the average value of the signal level samples, as shown in
figures 9 through 12, is reasonably well described by equation (4). The
average of the samples is approximately equal to the theoretical calculation.
Thus, the assumption of equal system gains and losses, in equation (3),
appears to be a reasonably good assumption in these tests. This system has
a loss L that is estimated to be 4 dB which is composed of 3 dB ground site
cable losses, that were measured, and 1 dB aircraft cable losses. The air-
craft cable losses were not measured because of accessibility problems.
Thus, a reasonable estimate for G during these tests is 4 (B.
Occasionally signal level samples can be seen in the figures that are
6 dB above the theoretical calculation. This is probably due to the addition
of the ground reflected signal and the direct signal which can, during
favorable conditions, give a 6 dB increase in signal strength. The antennas
can also contribute to this increase in that the antennas are likely to have

gains that exceed the average in certain directions.

4.2 Signal Fading

So far, we have considered only the value of the received signal level
as averaged over 10 seconds. Next, we will examine the variability in the
signal during this interval. This variability is called signal fading and
denotes the maximum change or peak-to-peak variation in signal level within
the 10 seconds.

A graph showing fading as a function of slant range is given in
figure 13. Note that relatively severe fading is encountered when the air-
craft is from 1 to 10 n mi from the ground site, with a maximum value
of 20 dB. When the aircraft is 10 to 20 n mi out, the fading is substantially

less with the maximum now of only 8 dB. The magnitude of the fading continues

to decrease with increasing slant range until, at 100 n mi, the maximum

fading is only 2.5 dB. The increase in fading when the aircraft is in close is

probably due to the combination of ground reflections with the direct
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line-of-sight signal. When the aircraft is in close the angles between the
directed and reflected rays can quickly change. However, when the aircraft is
relatively far from the ground site, the geometry and angles involved remain
constant and, therefore, signal changes are less likely.

Figure 14 is included in the report as a sample of the different types
of fading structure that were encountered during the tests. These samples
are obtained by sampling the AGC of the TMR-5 receiver at a rate of
400 samples per second. The upper trace in the figure shows the nearly
constant conditions that are encountered at large slant ranges, while the
lower two traces show the relatively severe fading that is encountered when
the aircraft is near the receiving site.

Three samples similar to the lower two traces in figure 14 were analyzed
by hand in order to estimate the rate at which the fading occurs. This
analysis showed fading anywhere from a fraction of a cycle per second up to
a maximum of 2 cycles per second. The reader is cautioned that this is a
limited analysis and is included here only to give a rough idea of the

fading rate.

4.3 Measured Bit Error Rate

The occurrence of bit errors during the tests is determined by a
number of factors. Obviously, noise is something that is always present
and a potential source of error. Inadequate filtering can also cause bit
errors and is often a problem that is difficult to spot. Other factors that
can cause errors are fading due to banking or improper synchronization as the
radio horizon is approached. Also errors are occasionally noted that are
attributable to uncontrollable problems like equipment failures, overheating,
test switches in wrong position, etc. This section of the report examines
these problems in detail.

An example of the occurrence of bit errors as a function of elapsed
time is shown in figure 15. This figure essentially shows the bit errors
per 1 second data sample, versus time, for flight number 5 and is tvpical of
what happens during a flight. Note that the majority of the samples show
either 1 or 2 bit errors per 1 second sample. Also, there are two periods when
the transmitter is off due to equipment problems. Fortunately, the data test

set is disabled automatically during these periods so that errors are not
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accumulated. As the flight progresses, one can see occasional bursts of
errors up to 20 or more bits.

As the aircraft approaches the radio horizon (at time 06:38), the error
rate suddenly begins to increase. This increase continues until the signal
reaches the 2 yV receiver squelch threshold. At this point, the data test
set recognizes the loss of carrier and disables the error-counting circuitry.
The return across the radio horizon is the reverse situation in that the
receiver squelch is first enabled. The data test set then begins to recog-
nize the presence of data and begins to count errors at a very high error
rate. Eventually, a reasonably stable error rate condition is achieved. The
high bit error rate period when the aircraft is near the radio horizon will
be called the "near horizon period" throughout this report and will be analyzed
in detail later in the report.

Two instances in figure 15, show a bit error count of 4096 within a
1 second sample. This, of course, is impossible since the bit rate of the
system is only 2400 bps. Unfortunately, this problem was not discovered
until after all the data had been taken. The problem appears to be an
occasional erroneous count due to equipment problems. In any event, this
erroneous count did not create a problem since the count is always 4096 or
o2 and, therefore, can easily be removed from the data.

The average biF error rate (Pe) for each flight using the "raw' data as
received from NAFEC is shown in figure 16. This figure averages all errors
including the 4096 counts. As can be seen, the results range anywhere from
4.1 x 10°% to0 1.6 x 10>, The shaded colums denote 4800 bps flights.

Figure 17 is similar except that now the errors due to 'equipment and
operational problems'" are removed. All periods during which there are equip-
ment failures, overheating, data switches in wrong positions, and the 4096
counts are removed during these calculations. The average bit error rate
for some tests drops an order of magnitude while some tests remain the same
since there are no equipment or operational problems on those flights.

Similar results also can be presented by removing those periods when
the aircraft is in the near horizon regions. These results are shown in
figure 18, where only the near horizon errors are removed. Therefore, equip-
ment and operational errors are included. Figure 19 presents the other case

where both equipment, operational, and near horizon errors are removed.
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The bit error rates for the tests are summarized by computing the
averages for all 11 flights. This result is shown in figure 20 together
with the averages of the 2400 and 4800 bps flights respectively. The figure
shows the averages both before and after the various errors are removed. In
summary, the average bit error rate removing equipment/operational problems

and near horizon periods are as follows:

Pe
ALL FLIGHTS 4.6 x 107°
2400 bps 4.1 x 107°
4800 bps 5.4 x 107°

Note that the average bit error rates for the 2400 and 4800 bps flights are
quite similar. Thus, 4800 bps does not appear to offer any significant

disadvantage over 2400 bps in terms of error rate.

The averages shown in figure 20 are unweighted in that all flights are
treated equally, regardless of their duration. Some reasoning can be
forwarded that would support averaging on a 'weighted basis'" according to
each flight's duration. This means that shorter flights will have a propor-
tionally smaller effect on the average bit error rate computations than the
longer ones. As a verification of this, we recomputed the average bit error

rates using weighted averages, according to the formula
N N
B F 2: P.t, / }: t, (7)
i=1 i=1

where Pi is the probability of bit error for the i-th flight, ts is the time
duration during which Pi is measured, and N is the number of samples to be
averaged. Results of these computations are shown in figure 21. Generally,
the averages increase with weighting. The average bit error rate with

weighting is:

Pe
ALL FLIGHTS 6.8 x 107>
2400 bps 5.5 x 107>
4800 bps 7.7 x 107° .

The number of errors collected during the tests are listed in table 3.
The number in the raw data column is the total number of errors and includes

all errors regardless of their origin. Each of the remaining three columns

32



L LR [T T 1 | ILLILLELSLA
<
ol sda 008t
paAowas spollad uoziioy 0IpDJ JDaU .
g * swajqoid |puolipiado g jUsawdinbg <| sda oot
©
ol Stublld Ny
®
ol sda 008t
paAowal spojsad N
uozjJoy JbaN | © sdg 002
©
o siybiy v
2 sdq 008t
paaowal swajqoid s ©
jouoiypiado g juawdinbg ? N sda 00v2
o Stybily |1V
o
- sda 008t
DIDp MDYy g sdq 00t2
o0
| siybiy v
TR TR IR I . =
T i T T (.
=} = = = =
n®

33

Summary of average bit error rate using unweighted

averages,

Figure 20,



IR | (rrer 1l | lll[llll | Irrrr T I

N[ sda oosp

paAowal spoliad uozlJoy T
JDau g * |puoljpbiado g juawd|nby lo'l $4q O0t2

2 swbiy iy

1.2

sdq 008%

Summary of average bit error rate using weighted

averages.,

Figure 21,

10"

paAowas spotlad
uozjioy 4DaN p sdq 00t2
N S1ubly ||y
©
o sdq 008
paAowas swa|qoad ©
jouoiiptado g juswdinby © sdq O0t2
@ siybiy 1y
N~
s o sdq 008+
Piop Moy a % sdg 00t2
©
< stybny v
Y O | TR ITE R TR |
€ i s ié ﬁi_
a®

34



gives a breakdown of the source of these errors. These error counts are

useful in assessing the accuracy of the bit error rate measurements.

Table 3. Number of Errors Collected During the Flights

Total Errors Total Errors
Data Total Errors Equip, Operational Near Horizon Total Errors
Rate Raw Data Problems Region Other Sources
2400 611751 523659 82690 5402
4800 308556 4832 294829 8895
920307 528491 377519 14297

4.4 Measured Block Error Rate

In addition to bit errors, measurements are also made of block errors.
The HP-1645A test set continuously counts block errors by dividing the
incoming bit stream into 1000 bit blocks and recording a block error if one
or more bits within the block are in error. The average block error rate
for each flight using the raw data is shown in figure 22. Again, this
includes all block errors regardless of origin. Figure 23 shows the results
removing block errors caused by equipment, operational problems, and the near
horizon region.

A summary of the block error rate is given in figure 24, where the

average values are as follows:

Pp
ALL FLIGHTS 1.6 x 1072
2400 bps 1.7 x 1072
4800 bps 1.4 x 10'2,

with the equipment, operational, and near horizon errors removed. Using
these averages, the average number of bit errors per block error (NB) can be

calculated from

Ny = (P, x 1000)/P,. (8)
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The results are as shown:

N

B
ALL FLIGHTS 2.
2400 bps 2.4
4800 bps 3.

The reader should be aware that this computation assumes that all bit errors
are equally proportioned among all blocks with errors. If the errors are
bunched, the results may be different. Fortunately, additional data are
presented later in the report in order to substantiate the above computations.

The reader is cautioned regarding the interpretation of N The units,

as noted earlier, are in bit errors per block error. Thus, thz quantity is
really a measure of the average number of bit errors in a block given that a
block has one or more errors. In other words, the average is made by exam-
ining only those blocks with one or more bit errors. Those blocks with no

errors are not considered in the average.

4.5 Distribution of Errors

The magnetic tape recordings also enabled the data to be examined in
1 second samples. Thus, the data also can be examined in 1 second data
blocks in addition to the 1000 bit data blocks as discussed in section 4.4,
which provides an interesting insight into the data in larger size blocks.

To begin with, the number of bit errors per 1 second data sample was
examined for all flights using the raw data. These results are shown in
figure 25. The fractions were computed examining only those blocks with
errors. Thus, after examining all 1 second data samples with errors, 18% of
them had exactly 1 bit error, 7.3% had exactly 2 bit errors, etc. Since
figure 25 contains both 2400 bps and 4800 bps data, the next step is to repeat
the calculations using only the 2400 bps data as shown in figure 26. Similarly
the results for 4800 bps are shown in figure 27. Generally, all three graphs
appear to be similar. These calculations are for raw data and, therefore,
include all errors regardless of origin. A comparison of the 2400 and 4800 bps
data is shown in figure 28, where the end points of the histogram have been

connected with solid or dashed lines for ease in comparison. Note that some
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cyclic variation appears in the graphs that may indicate a slight clustering
of the errors possibly due to fading.

So far, the calculations have been made with only the raw data and,
therefore, are determined almost entirely by the near horizon periods when
the error rate is high. Thus, the data do not reflect the greater part of
the flight when relatively few block errors are encountered. The next two
graphs were prepared to examine the distribution of errors during these
relatively low error rate periods.

Figure 29 shows the distribution of errors for all 2400 bps flights
removing near horizon errors and equipment/operational problems. This
figure reflects the distribution of errors per 1 second data sample when the
aircraft is well within line of sight. As expected, this distribution is
distinctly different as 68% of the samples now have exactly 1 bit error.

In fact, only 5% of the samples had more than 10 errors. Figure 30 is a
similar plot for the 4800 bps data. The likelihood of having 1 or 2 bit
errors is smaller at 4800 bps than at 2400 bps. However, the likelihood of
4 bit errors increases at 4800 bps.

A convenient check of the data can be made by computing the average
number of bit errors per 1 second data sample in figures 29 and 30. This

quantity will be denoted MB and computed by
o]
My = L1 £, ©)
i=1

where fi denotes the fraction of occurrences as shown in the distributions.

The results are, using figures 29 and 30,

%
2400 bps 1.9
4800 bps 4.0,

Thus, on the average, if a 1 second data sample has any errors, it is likely
to have 2 bit errors at 2400 bps or 4 bit errors at 4800 bps. Again, we are
averaging only those samples with errors. If we choose a 1 second data
sample at random, it is likely to be error free. However, if it does have

errors, it is likely to have MB bit errors.
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Figure 29. Histogram of number of bit errors per 1 second
data sample for all 2400 bps flights removing

equipment, operational, and near horizon errors.
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data sample for all 4800 bps flights removing
equipment, operational, and near horizon errors.
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Of course, M, is quite similar to N The only difference is that N

B B”
is measured in a 1000 bit block while MB is measured in 2400 or 4800 bit

B

blocks, depending on the bit rate in use. Our measurements show that NB is
approximately equal to My which means that the average number of bit errors
per block does not increase with increasing block size, at least over the
range considered here. This is a reasonable conclusion and can be
intuitively explained as follows.

Consider the diagram shown in figure 31. The probability of any
1000 bit block being in error is given by PB' We have already seen that if
a 1000 bit block has any errors, it is likely to have NB bit errors in that
block. If we arbitrarily extend the observation period to 2000 bits, it is
very unlikely that we will encounter any additional bit errors due to the low
block error.rate. In fact, the probability of two consecutive blocks having
errors assuming indpendence is PB - PB which is approximately 10_4 when the
aircraft is well within line of sight. Thus, with modest increases in block
size (1000-bit to 4800-bit block) we do not expect any significant increase
in average number of bit errors per block.

We can summarize by stating that the average number of bit errors per
block, given that the block has one or more errors, is 2 for the 2400 bps
flights, and 4 for the 4800 bps flights. These figures are the same for both
1000 bit and 1 second blocks, and are with the equipment, operational, and
near horizon errors removed. When the aircraft is in the near horizon region,

the averages will be higher.

4.6 Near Horizon Region

Another result that can be obtained from the data is a measurement of
the maximum usable range dyring the flights. As noted in figure 15, when
the aircraft approaches the radio horizon, on an outbound flight, it first
enters a region of increasing bit error rate. The error rate continues to
increase until eventually the received signal level drops below the 2 UV
minimum squelch threshold. At this point, the receiver turns off and a loss
of carrier is noted at the receive modem. The data test set is disabled and
no bit or block errors accrue until the aircraft returns into a usable

signal area.
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in 2 Consecutive Blocks = PB- PB

Figure 31. Description of occurrence of block errors.
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Generally, during a flight, the test aircraft traveled well beyond the
radio horizon. On the return flight, the first thing that generally occurs
is that the receiver squelch enables and the modem begins to receive signal.
The bit and block error rate, at this point in time, is high, and clock slip
and carrier loss indications are frequently noted. As the aircraft con-
tinues toward the ground site, eventually the error rate stabilizes and
remains relatively constant.

The region of high error rate just prior to loss of sync and
immediately after regaining sync is called the near horizon region and is
generally a region of poor reliability. A graph of this region as a function
of altitude and slant range is shown in figure 32. All outbound flights with
loss-of-sync are shown by lines with arrows. The lines indicate the high
error rate region and the arrowheads indicate where the loss of sync occurred.
Similarly, the return condition is shown with circles and straight lines. A
circle indicates the point where the signal first returns, and the solid line
indicates the high error rate region.

As a check of these measurements, the ITS propagation model was used to
predict propagation loss under similar conditions [Gierhart and Johnsom, 1973 .
Resulting predictions for 5% and 95% availability and 140 dB loss are also
shown on figure 32. Thus, 90% of the time, one should expect the 140 dB
propagation loss to occur within the two boundaries.

A 140 dB propagation loss will result in a signal at the ground receiver
of approximately 3.5 uV, again assuming 0 dB for the combined losses and gains
as given in (3). Out of the 34 near horizon samples examined, 30 were either
entirely or partially within the two bounds. The predictions were made using
a terrain variability factor of zero (smooth earth).

Three of the samples showed near horizon regions beyond the predictions
while one sample was less than predicted. These four cases were encountered
during flights 5, 11, and 14, which were all New York flights, largely over
water. Possibly, over-water propagation anomalies have some bearing on
these flights.

The width of the near horizon region, AD, is another parameter that can
be deduced from the data. A graph of AD as a function of altitude is shown
in figure 33. As can be seen, the width of the near horizon region varies

anywhere between 0.5 and 21 n mi with an average width of 10 n mi.
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Generally, AD appears to be independent of altitude, and probably is a
function of a combination of factors such as direction of travel relative

to ground site and aircraft attitude.

4.7 Bit Errors During Takeoff and Landing

One of the problems noted earlier in the report is the increase in
signal fading during the takeoff and landing periods. The aircraft is also
generally performing additional maneuvers during this period which can result
in signal fading. 1In order to see to what extent this is reflected in the
data, we have analyzed the bit error rate as a function of aircraft distance
from the ground site.

Figure 34 shows the average bit error rate when the aircraft slant range
is 0-20 and 20-40 n mi from the ground site. The number of errors that were
used in the calculations is shown in table 4. All equipment errors and near
horizon periods have been removed in these calculations. A decrease in bit
error rate can be seen as the aircraft moves away from the ground site.
Approximately one order of magnitude difference exists between the bit error
rate at 0-20 n mi as compared to 20-40 n mi out. This difference is
probably due to the increased fading when the aircraft is close to the
ground site. Thus, it would appear that a modest increase in bit error rate

does occur when the aircraft is close in.

Table 4. Number of Errors Used in the Average
Bit Error Rate Computations Shown in

Figure 34.
Data Rate Total Errors 0-20 n mi Total Errors 20-40 n mi
2400 353 72
4800 168 72
Total 521 144

4.8 Fading During Aircraft Maneuvering
While the signal changes due to aircraft maneuvering are obvious, it is
difficult to correlate them with any one aircraft parameter. Rather, it

appears that signal fading during maneuvering is a complex function of pitch,
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roll, and yaw relative to the receiver. 1In this section of the report, some
of the relevant observations on fading are described.

The first measurement described in figure 35 is the maximum signal
change that occurs due to aircraft maneuvering on each flight. Generally,
the maneuvers result in a signal fade that is denoted with a negative number.
A positive number indicates a signal increase, as measured from the average
of quiescent condition, that is due to the cyclic variation during spiraling
maneuvers. The values denote peak signal changes as measured from the
average value just prior to the maneuver.

An example of the fading structure during an aircraft spiral is shown in
figure 36 where both roll angle and received signal level are plotted as a
function of aircraft heading. Three complete aircraft spirals are shown on
this graph. At an aircraft heading of 2200, the aircraft is facing toward
the ground site and at 400, it is facing away from the ground site. Note the
repeatability of the signal during each orbit. Four distinct '"nulls" occur
during each orbit that are attributed to the aircraft antenna pattern. The
increase in average signal strength is curious since the aircraft's slant
range is relatively constant. This increase is probably due to the fact that
the aircraft's altitude is increasing and that it is also near the radio
horizon.

It is also interesting to examine the bit errors during this maneuver.
No errors are recorded during the spirals shown in figure 30 until the middle
spiral where a burst of 96 and a burst of 45 errors are recorded during the
sudden roll. The signal level is also changing at those times.

A plot of the signal change as a function of roll angle is shown in
figure 37 which includes selected samples from all flights. As can be seen,
there generally is no strong dependence between signal change degrees of roll
although the larger changes tend to occur at higher angles. This is a further
indication that the complete aircraft attitude must be looked at in order to

determine signal change during aircraft maneuvers.

4.9 Carrier Loss and Clock Slips
One of the parameters continuously recorded is a count of carrier loss
and clock slips for each flight. The presence or absence of a carrier is

determined at the MSK modem, which then sends a carrier status indication to
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the data test set that counts the number of changes. Clock slips, on the
other hand, are determined by the data test set and are an indication of
incorrect bit synchronization.

A list of the total count of clock slips and carrier losses for each
flight is given in Table 5. The maximum occurs during flight 12 with 928
clock slips and 1892 carrier losses. However, all of the clock slip and
carrier loss counts in flight 12 can be attributed to weak signals. The
maximum received signal level in Table 5 denotes the maximum level at which
any clock slips or carrier losses are observed. These problems almost always
occur when the signal is less than 5 pV. Generally, clock slips happen after
a signal outage when the receive modem is re-establishing sync. Although
clock slips and carrier losses are primarily caused by poor signal conditions,

a few exceptions do occur.

Table 5. Summary of Clock Slip and Carrier Loss Counts.

Clock Carrier Max Rec

Flight Slips Losses Signal Level
5 40 106 5 uv
6 38 41 5 uv
7 0 0 -
9 572 1136 5 uv
10 326 1245 5 uv
11 58 108 30 nv
12 928 1892 5 uv
13 642 1164 60 WV
14 353 757 200 uv
15 6 12 70 wv
16 29 38 60 uv

Thirteen occasions are noted when clock slips occur during relatively
good signal conditions (10 to 200 uV). No apparent cause can be attributed
to these clock slips as the signal appears to be relatively constant and no
excessive aircraft maneuvering is noted. A typical example is shown in
figure 38 where three periods of sync problems are shown during flight 15.
The first clock slip occurs when the aircraft is near the radio horizon,
where the signal is rapidly changing. The second occasion, however, consists

of three clock slips that occur during relatively stable conditions. Neither
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excessive signal change nor aircraft maneuvering is noted at the time.
However, a burst of 90 bit errors does occur simultaneously. The third clock
slip also occurs in relatively good signal conditions.

In conclusion, a few periods were examined with clock slips during
relatively good signal conditions. No apparent.cause has been linked to the
problem; however, relatively large error bursts, typically 100 bits, can
occur simultaneously. It is impossible to determine from the data whether

the errors are truly errors or simply a perturbation in the data stream.

4.10 Repeatability of Flights

While no extensive effort was made to measure the repeatability of the
data, flights 15 and 16 offer some insight into repeatability. The two
flights followed nearly identical flight paths with flight 16 originating
20 minutes after the return of flight 15. A plot of the altitude profile
and received signal level, as a function of time, is shown in figure 39. The
two scales on the left are relative in that they do not aline with either
traces. The reference point of 125 pV and 6400 ft are denoted on each trace
that can be used for alinement purposes.

As can be seen, the altitude profiles are nearly identical. The ground
tracks of the flights are within 3 n mi of each other with the exception of
the takeoff and landing which are slightly different. Note that the received
signal level during the 8- to 54-minute section of flight is nearly identical
for both flights. The aircraft's slant range during this period is 30 to
132 n mi from the ground site. The received signal level profiles seem to
differ significantly when the aircraft is within 30 n mi of the ground site.
This difference also can be attributed to reflections from the ground and

surrounding terrain as described in section 4.2 of the report.

4.11 Noise
The noise measurements generally showed little correlation with the bit
errors. The dominant source of noise at these frequencies is man-made noise.
Automobile ignition noise does not appear to be a significant factor in the
tests as the ground receiving site is reasonably isolated from vehicle
traffic. Occasional strong noise impulses, however, are noted. While some

isolated cases could be found where these impulses coincided with error

60



Altitude, kft

Received Signal Level, 1V

20

(=]

,»’" wer
NS 6460 ft
|
,]\ 125 pVv
_ g
| | | | i I |
0 8 16 24 32 .40 48 56

Approximate Flight Time, Min,

Figure 39. Example of signal repeatability for two flights

over approximately the same path.



bursts, the correlation generally appears to be small. This lack of
correlation is probably due, at least in part, to the 650 kHz frequency
separation between the noise recelver and data link center frequency.

The measurements do, however, provide some insight into noise problems
at VHF. At times, impulsive noise 'spikes' 20 dB above the background noise
were observed. The maximum amplitude of these spikes could not be measured
due to limiting in the noise receiver. An example of the noise as a function
of time is shown in figure 40. Noise units are in dB relative to the normal
background noise level. Also plotted on the figure is the only bit error
observed during that period. Note that the error appears to be correlated
with a noise spike. However, errors are not produced with all noise spikes.
Again, it should be pointed out that the noise receiver has a 110 kHz band-

width which is much wider than a normal aircraft receiver.

4.12 Bit Error Characteristics

The bit errors exhibit a few characteristics that need to be discussed.
For example, man-made noise generally causes only one or two errors in a
1 second data sample. Errors due to aircraft maneuvering, lowever, appear
in larger bursts typically 10 to 100 bit errors per 1 second data sample.
Clock slip indications are generally coincidental with error bursts greater
than 30 bits and absent with error bursts less than 30 bits. Examples of
these characteristics are shown in figure 41 where the number of bit errors
per 1 second sample are plotted as a function of time for flight 16. The
most likely cause of each of the events is noted on the figure. One should
be aware than the term "bursts', in this discussion, does not necessarily
mean that the errors are consecutive. The resolution of the data prevents
examining the errors in sufficient detail to determine whether or not the
errors are truly consecutive.

Another interesting characteristic of the flights is the average bit
error rate as a function of direction and time of each flight. The flights
with the highest bit error rate, as can be seen in figure 42, are the
Norfolk flights at 1300 hours. This plot is for the case where the equip-
ment, operational, and near horizon errors have been removed. The flights

with the lowest average bit error rate are the Scranton flights (with the
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exception of flight 6). All of the New York flights are consistent in that

the error rate of each of the three flights is near 10'5,

5. CONCLUSIONS
A number of conclusions and observations can be made about air-to-ground
digital transmission. This section will summarize these conclusions and also
discuss some of the more general aspects of the tests. The conclusions are
as follows:
a. The bit error rate is nearly identical for the 2400 and
4800 bps flights. This result is true even when the
aircraft is near the receiving site and is probably due
to the fact the performance is not limited by the
noise. Thus, 4800 bps does not appear to offer any
significant disadvantage in terms of poorer performance.
b. The average bit error for all flights is 4.6 x 107>
using unweighted averaging and 6.8 x 10-5 with weighted
averaging. This excludes errors due to equipment opera-
tional problems and the high error rate periods when the
aircraft is near the radio horizon. The maximum and
minimum average bit error rates are 2.1 x 10~4 that
occurred during flight 12 and 5.6 x 10-7 that occurred
during flight 15. The variation in average bit error
rate is attributed to the flight path and site effects
rather than noise.
c. The average block error rate for a 1000 bit block is
1.6 x 10-2, again, excluding equipment operational
errors and near horizon periods.
d. When the aircraft is O to 20 n mi from the site, the
average bit error rate is 2.5 x 105, This decreases
to 6.7 x 105 when the aircraft is 20 to 40 n mi from
the site. The increase in bit error rate when the
aircraft is 0 to 20 n mi is probably due to the increase

in signal fading that occurs in this region.
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Signal fading is caused by the addition of ground
reflections with the directly radiated signal. Signal
variation, as observed in a 10 second period (slow
fading), is substantially greater when the aircraft

is close to the ground site. A maximum variation of

20 dB is observed when the aircraft is 0 to 10 n mi
from the site and 8 dB for 10 to 20 n mi out. When

the aircraft is 20 to 30 n mi from the site, the signal
variation reduced to 6.5 dB,

The average received signal level samples are, on the
average, equal to the theoretical calculation given in
equation (4). Occasionally average signal level
samples 6 dB above theoretical were measured, and are
attributed to the addition of ground reflections with
the direct signal.

The average number of error bits in a 1000 bit block,
given that the block has 1 or more errors, is 2.4 bits
at 2400 bps and 3.9 bits at 4800 bps. These figures
showed little change with an increase in the block size
to a 1 second block. No attempts were made to measure
burst error characteristics other than the averages
described in the preceeding.

Signal fading during aircraft maneuvering appears to be
a complex function of the aircraft roll, pitch, and yaw
relative to the receiver. Signal changes as high as
14.8 dB are observed during aircraft maneuvers. Slow
aircraft maneuvers do not appear to cause any abnormal
error conditions; however, sudden aircraft changes can

cause errors,
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Acquisition and ability to maintain synchronization as
evidenced by clock slips and carrier loss indications
largely occur during weak signal conditions. Clock
slips generally are encountered during the weak signal
periods when the aircraft is inbound from locations
beyond the radio horizon. Evidently, the received
signal has not sufficiently stabilized for proper bit
synchronization during these periods.

A few occasions were noted where clock slips occurred
during relatively good signal conditions (10 to 200
microvolts). The cause of these clock slips could not
be linked with any of the recorded data. An example

is shown where a burst of 90 errors occurred during

one of these clock slips. Probably one of the least
understood problems during the tests is where clock
slips occur during relatively stable signal conditioms.
The phenomenon may be peculiar to the test configuration
or equipment used during these flights. Thus there is

a possibility that the problem can be either eliminated
or reduced by sending a synchronization sequence before
each message. Interference or noise is another possible
cause of the problem.

When the aircraft approaches the radio horizon, a region
of abnormally high bit error rate is encountered just
prior to the loss of signal. This region is denoted in
the report as the near-horizon region and probably will
be unusable for data link communications. The region is
encountered on the inbound as well as the outbound
flights. A plot of 34 near horizon regions as a function
of slant range and altitude is shown in figure 32. These
measurements generally coincide with the ITS predictions
for the radio horizon since 30 of the 34 samples are either
partially or totally within the 5-95% confidence range.
The width of the near horizon region varies between 0.5

and 21 n mi with an average of 10 n mi,
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1. Measurements of average received signal level on two
different flights following the same flight profile
showed that the received signal level is repeatable at
slant ranges greater than 30 n mi., At slant ranges less
than 30 n mi, the average received signal level appears
to be highly variable due to the fading and shows little
correlation between the two flights over nearly the same
flight path.

m. An estimate of the combined antenna gain is made in
the report, based on the average received signal level.
The estimate is 4 dB relative to isotropic and is the
combined or total gain of both aircraft and ground
antennas. Both of these antennas are approximately
omnidirectional in the horizontal plane.

Modem synchronization and acquisition, in general, is a subject where
additional knowledge would be beneficial. Quite possibly tradeoffs exist
that would enable better synchronization and acquisition in weak or severe,
fading conditions. While the problems of acquisition are not examined in
this series of tests, acquisition is likely to be affected by the fading that
was observed,

One additional problem will be described that does not appear in any of
the measurements. Evidently, severe interference occurred when the second
bottom-mounted aircraft antenna was used for VHF voice reception while the
first antenna was transmitting the test signal. Possibly, the two bottom-
mounted antennas do not have sufficient isolation. Thus, the second
bottom antenna cannot be used for voice reception when the other is trans-
mitting a data link signal even though the two are widely separated in
frequency. The cure during these tests was to use the top-mounted antenna

for voice communications and the bottom antenna for the data link.
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