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ABSTRACT

Bit errors induced by multipath interference occur in short bursts with relatively long
intervals of error-free propagation. This paper analyzes the bursty nature of bit errors by
examining synthetic error sequences generated from received voltage levels measured
during low-altitude F-16 flights at Edwards AFB. The error gap distribution (which is a
cumulative distribution function of the length of the error free intervals) and the block error
probability are computed from the data. These parameters are useful in assessing the
performance of error control coding strategies.

INTRODUCTION

Errors on real aeronautical telemetry channels are due to a large number of factors such
as multipath interference, co-channel interference, and signal dropouts from obstructions,
shadowing, antenna gain patterns, etc. On a well-designed link, it is rare that errors occur
due to thermal noise alone. Thus, the error patterns observed by end users of telemetry are
rarely the independent random errors described by the binary symmetric channel. It is
much more common that the errors occur in clusters or bursts which coincide with fades in
the received signal. This paper describes the bursty nature of error sequences derived from
F-16 tests conducted at Edwards Air Force Base.

The data used for the error analysis are the automatic gain control (AGC) voltage levels
recorded from a Microdyne 1200 MR receiver during low altitude maneuvers performed
by an F-16 in the vicinity of the 8-foot tracking site at Edwards Air Force Base on
September 18, 1996. The telemetry data were transmitted using PCM/FM at 2335.5 MHz
and the AGC levels were recorded. The AGC time constant was set at 0.1 ms to capture as
much of the high frequency dynamics of the channel as possible. The magnetic tapes
containing the AGC data were played back and sampled at 20 ksamples/sec using a 12-bit
A/D converter described in [1]. AGC voltage samples were converted to received voltage 



samples denoted v  using a point-slope approximation obtained from a calibrations

procedure. The result is plotted in Figure 1.

The noise floor v  for the Microdyne receivers used was specified at -98 dBm. For a givenn

received voltage sample v  and noise floor value v , the probability of bit error is [2]s     n

(1)

The variations in the probability of bit error follow the variations in the received power
levels and are illustrated for the run in Figure 2.

The probability of bit error for the run was then used to generate a synthetic error
sequence from which the statistics of the error burst could be determined. A synthetic error
sequence is not based on data, but rather on the received signal levels and represents the
presence of a bit error with a 1 and the absence of a bit error with a 0. The synthetic error
sequence e was generated B bits at a time where B is the ratio of the data bit rate to the
sample rate:

(2)

The B error bits e , e , . . . , e  are generated using a random number generator which0  1      B-1

assigns a value 0 or 1 to the error sequence following the rule

(3)

where P  is given by (1) for each sample. For the data presented in this paper, the sampleb

rate was 1/T  = 20, 000 samples/sec and the bit rate was 1/T  = 5 Mbit/sec so thats          b

B = T /T  = 250 bits/sample. Thus, the probability of bit error for the first sample generatedb s

the first 250 bits of the synthetic error sequence e, the next sample generated the following
250 bits, and so on. The burst statistics of the error sequence were then analyzed using the
method described in the next section.

DEFINITIONS

There are two functions used to describe the bursty nature of errors on a real channel:
the error gap distribution and the block error probability. Each function conveys different
information about the channel.



An error gap is defined as a string of consecutive zeros between two ones in the error
sequence [3]. The length U of the error gap is equal to one plus the number of zeros
between the two ones. Since U is a random variable, it has a distribution

(4)

which is the probability that there are at least n error-free bits between errors. Consider the
following segment from an error sequence:

(5)

There are five error gaps labeled U , U , U , U , and U  with lengths 5, 9, 6, 5, and 7,1  2  3  4   5

respectively. For example, a binary symmetric channel (BSC) with transition probability
p = 1 ! q has an error gap distribution given by

(6)

The block error probability P(m, n) is the probability that exactly m ones occur in a
block of n consecutive error bits. From block to block, the number of errors in the block
varies as error gaps and error bursts occur in alternation. For example, the block error
probability for a binary symmetric channel with transition probability p is

(7)

The block error probability is particularly useful in assessing the performance of forward
error correcting block codes [4] with a block length n.

ANALYSIS

The occurrence of errors in the synthetic error sequence generated by the data (shown in
Figures 1 and 2) is illustrated in Figure 3. It is clear from this figure that the errors occur in
bursts rather than randomly as would be the case if the channel were a memoryless BSC
(the dashed line in Figure 3). The large jumps in the error count indicate the occurrence of
error bursts and coincide in time with low received signal levels (Figure 1) and high bit
error probabilities (Figure 3). The large jumps illustrate nicely the bursty nature of the
channel and the difference between this channel and the BSC.



The error gap distribution for the measured data is plotted in Figure 4. For comparison,
the error gap distribution for a binary symmetric channel whose transition probability is
equal to 0.0125 (the average bit error rate obtained from the data) is included. Gap lengths
less than 300 bits are more likely on the BSC than they are on the real channel. In contrast,
gap lengths greater than 300 are more likely on the real channel than on the BSC. This
means the real channel has longer error free gaps than a completely memoryless random
channel with the same average bit error rate. This is due to the tendency of the errors to
concentrate in bursts leaving long error-free gaps between the bursts.

The block error probability P(m, n) is illustrated in Figure 5. The block length was
chosen to be 2048 bits which is the number of bits in a length 256 Reed-Solomon code
with 8-bit symbols. (Length 256 Reed-Solomon codes are currently being evaluated at
BYU for suitability to provide adequate error control in these applications.) Note that for
m > 90, P(m, 2048) is negligibly small for this data set — abscissa values greater than 90
have thus been omitted for clarity. Again, for comparison, the block error probability for
the binary symmetric channel whose transition probability is equal to the average bit error
probability is included. The plot illustrates that relative to the binary symmetric channel, a
data block on the real channel is more likely to have either a few errors or many errors.
Coupled with the characteristics shown in Figure 4, this confirms that within a block, the
errors occur in bursts rather than occuring randomly throughout the block.

CONCLUSIONS

Errors on real telemetry channels occur in bursts rather than randomly as predicted by
link budget equations based on thermal noise. The error bursts are due to multipath
interference which occurs at seemingly random intervals throughout a flight test, especially
at low elevation angles (for example, when slant ranges are large).

The nature of error bursts has a profound impact on the ability of an error correcting
code to provide reliable data links as illustrated by the following three examples:

1. Non-binary codes (e.g. Reed-Solomon Codes) operate on symbols rather than bits
(each symbols consists of a fixed number of consecutive bits — 8, for example).
Four bit errors may cause 4 symbols to be in error (one bit in each symbol) if the
errors occur randomly or a single symbol error if the errors occur in a tight cluster.
The decoder corrects 4 symbol errors in the random error case but only a single
symbol error in the burst error case. Thus, the required error correcting capability of
the non-binary code is a function of both the average bit error probability (the
number of bit errors which occur in a block) and the bursty nature of the errors.



2. Binary convolutional codes with Viterbi decoding perform well when the errors
occur in a random fashion. Performance degrades quickly when the errors occur in
bursts.

3. Interleaving is commonly used in conjunction with binary codes on real wireless
channels. Interleavers “scramble” the bits at the output of the encoder prior to
transmission. At the receiver, de-interleavers “descramble” the received bits to
restore the proper bit order prior to decoding. The interleaver/de-interleaver has the
following effect: the errors which occur in bursts on the channel are redistributed by
the deinterleaver so that the errors appear in a random (rather than bursty) pattern to
the decoder. The interleaver depth is a function of the lengths of the error bursts
which occur on the channel. To realize good performance, the interleaver must be
capable of diffusing most of the error bursts which occur on the channel.

Whether binary codes with interleavers or non-binary codes are used, a description of the
error bursts is essential to proper code design.

REFERENCES

[1] L. Horne and R. Dye. An inexpensive data acquisition system for measuring telemetry
signals on test ranges to estimate channel characteristics. In Proceedings of the
International Telemetering Conference, volume 31, pages 251-258, Las Vegas,
October 1995.

[2] E. Law. Binary PCM/FM, tradeoffs between spectral occupancy and bit error
probability. In Proceedings of the International Telemetering Conference, volume
30, pages 347-355, San Diego, CA, October 1994.

[3] L. Kanal and A. Sastry. Models for channels with memory and their applications to
error control. Proceedings of the IEEE, 66:724 - 744, July 1978.

[4] S. Wicker. Error Control Systems for Digital Communication and Storage. Prentice-
Hall, Englewood Cliffs, New Jersey, 1995.



Figure 1: Received Power for the Low Fly F-16 Flight. (8-foot Receive Antenna, LHCP at
2335.5 MHz

Figure 2: Time Varying Bit Error Rate for the Low Fly F-16 Flight. (8-foot Receive
Antenna, LHCP at 2335.5 MHz)



Figure 3: Accumulation of Errors for the Received Power Shown in Figure 1 (solid line)
and the BSC with Transition Probability Equal to the Average Error Rate of the Real
Channel (dashed line).

Figure 4: Error Gap Distribution for the Received Power Shown in Figure 1 (solid line)
and the BSC with Transition Probability Equal to the Average Error Rate of the Real
Channel (dashed line).



 Figure 5: Block Error Probability for the Received Power Shown in Figure I (solid line)
and the BSC with Transition Probability Equal to the Average Error Rate of the Real
Channel (dashed line).


