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ABSTRACT

The turbo code is a block code even though a convolutional encoder is used to construct
codewords. Its performance depends on the code word length. Since the invention of the
turbo code in 1993, most of the bit error rate (BER) evaluations have been performed
using large block sizes, i.e., sizes greater than 1000, or even 10,000. However, for
telemetry and command, a relatively short message (<500 bits) may be used. This paper
investigates the turbo-coded BER performance for short packets. Fading channel is also
considered. In addition, biased channel side information is adopted to improve the
performance.
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INTRODUCTION

In recent years, a newly invented forward-error-correcting code, turbo code [1], has been
demonstrated to be so powerful that the Shannon limit finally becomes practically
meaningful. Turbo code can provide significant coding gain by utilizing two relatively
simple constituent convolutional encoders and an interleaver. In comparison with the
commonly used concatenated Reed-Solomon/convolutional code, an additional 2.25 dB
coding gain can be achieved, which is within a fraction of 1 dB from the Shannon limit, for
a block size of about 64K.

Turbo code is a block code even though a convolutional encoder is used. Its performance
depends on the code word length. Since the invention of turbo code in 1993, most of the
bit error rate (BER) evaluations have been performed using large block sizes, i.e., sizes
greater than 1000, or even 10,000 [2,3]. However, for telemetry and command, a relatively
short message (<500 bits) may be used. This paper investigates the BER performance for
short turbo-coded packets.



Turbo decoding is based on the concept of maximum likelihood decision on the entire
block of data. The decision on one bit will affect the decoding of subsequent bits. Fading,
or scintillation, which is a common and important channel disturbance in satellite
communications, can carry its effect over a period of multiple bits, resulting in significant
degradation to turbo code performance. A Markov process can be utilized to model a
fading channel. In this paper, turbo code BER performance using BPSK under a fading
channel is investigated.

During the process of turbo decoding, the knowledge of the received bit signal-to-noise
ratio (SNR) is essential. In an additive white Gaussian noise (AWGN) channel, the best
BER performance can be achieved if the bit SNR used for decoding, also called channel
side information (CSI), matches the actually received bit SNR [4]. However, in a channel
with time-varying disturbance such as fading, using biased CSI with value smaller than the
actual received bit SNR can improve BER performance [4]. This paper also examines the
impact of using biased CSI to faded performance for short packets.

TURBO CODE BACKGROUND

The turbo encoder has a simple structure that comprises of two identical recursive
convolutional encoders ENC1 and ENC2 as shown in Figure 1. The input sequence to the
first constituent encoder is interleaved and then fed into the second constituent encoder.
The output of a turbo encoder includes the information and parity-check segments. The
parity-check segment results from puncturing the two encoded output sequences from two
constituent encoders, depending on the turbo code rate. Hence, the turbo code is a
systematic block code even though a convolutional encoder is used to construct code
words. The interleaver is an essential component of a turbo code. With the combined
effect of recursiveness and interleaving, the minimum Hamming distance is increased,
resulting in a significant improvement on the BER performance. At the end of encoding
each block of N bits, both ENC1 and ENC2 need to be flushed. Flushing, which is a
process that forces the shift registers of the encoder to contain all zero bits at the end of
such process, takes K-1 bit-time intervals, where K is the constraint length. Entering zero
bits can no longer flush the recursive convolutional encoder as it can for the ordinary
nonrecursive convolutional encoder. Divsalar and Pollara presented a simple mechanism to
flush the turbo encoder [5]. In general, at each bit-time interval during the flushing process,
a flushing bit and an associated encoded bit are generated. The resulting K-1 flushing bits
and their K-1 associated encoded bits are dependent on the state SN of the encoder at the
N-th bit-time interval. The purpose of flushing the encoder is twofold. First, it prevents any
memory of one block from going to the following block because each block must be
encoded independently. Second, it can terminate the encoding of each block of data to a
known state-the all-zero state. This is a crucial feature for turbo decoding. As shown in
Figure 1, ENC2 cannot start to encode until all N bits have entered. Hence, an N-bit delay



needs to be applied to both the information (systematic) sequence uk and the first parity-
check sequence e1k in order to synchronize three individual sequences to form a code
word.

The turbo decoder adopts an iterative decoding structure, which constitutes a suboptimal
decoder, as shown in Figure 2. In a turbo decoder, there are two a posteriori probability
(APP) constituent decoders, which are the counterparts of the two corresponding
constituent encoders. During each iteration, the first APP decoder (DEC1) generates a
sequence of extrinsic information that is, in turn, used as the a priori information input to
the second APP decoder (DEC2). DEC2 also generates a sequence of updated extrinsic
information that is fed back to the DEC1 as the a priori information input for the next
iteration. Interleaver and de-interleaver are used to reconstruct the correct orders among
multiple input sequences to both DEC1 and DEC2. DEC2 generates a second series of
outputs; those are the log a posteriori probability ratios of the information bits. At the end
of M iterations, a hard-decision rule is applied to all bits of this de-interleaved second
output sequence. These hard-decision bits become the decoded bits. It can be seen that as
iteration continues, the BER performance can be improved. After a number of iterations,
the performance tends to saturate [1].

ERROR FLOOR MITIGATION

Simulation results [2,3] have shown that although the BER performance of turbo code
plunges dramatically as the bit SNR increases initially, the drop tends to flatten out
(usually when the BER <10-6) even as the bit SNR continues to increase. This means that
after a certain breakpoint, the BER cannot be further improved without a considerable
increase in bit SNR. This phenomenon of error floor makes turbo code very undesirable
for some applications, such as the packet switched network, where the BER requirement
can be as low as 10-10. Wang has developed several techniques to mitigate this error floor
problem [6,7]. Based on these techniques, a different turbo encoding structure is
implemented, as shown in Figure 3 [6]. As in the case of the conventional turbo encoder,
the first constituent encoder is always flushed at the end of encoding each block of data.
The difference is that instead of interleaving only the information portion of the systematic
sequence, the entire systematic sequence (including both the information portion and the
appended flushing tail bits) is interleaved and fed into the second constituent encoder. In
addition, the second encoder is not flushed. The contents of the shift registers are reset to
all zeros instantaneously at the end of each block. Associated with this new encoder
structure, a new turbo decoding structure as shown in Figure 4 is used [6]. A modified
version to the original APP decoder is implemented for the second constituent decoder. In
this modified APP (M-APP) decoder, the backward recursion starts from all 2m possible
states, where m = K - 1, with their initial metrics equal to the ending metrics of the forward
recursion for every iteration [6]. (The first APP decoder still starts its backward recursion



from the all-zero state only.) In addition, the M-APP applies a hard decision rule to all bits
of the second series of outputs for every iteration. The hard-decision results are stored. At
the end of M iterations, a majority selection rule is applied to every set of those M
prestored hard-decision results associated with the same bit for making the final decoding
decision on this particular bit [6]. The simulation results based on these modified turbo
encoder and decoder show no BER error floor in the range that the simulation could
handle, which is at BER > 10-8 [6,7].

OPTIMUM CODE STRUCTURES AND THEIR PERFORMANCES

The turbo code is known to be code-structure sensitive. Its BER performance changes
significantly when there is a change to the code configuration, which includes code rate,
constraint length, tap connection, block size, interleaving pattern, and number of decoding
iterations. Wang has developed an algorithm to exhaustively search for optimum tap
connections for codes of K = 3, 4, and 5 [8] in the sense that the asymptotic BER
performance is minimized. The optimum tap connections were shown to be [7]

K=3 K=4 K=5
(7,5) (13,17) (23,35)

Here, the combination of two octal numbers (n1,n2) is used to represent the turbo code
structure. The corresponding binary representation of the first octal number n1 indicates the
tap connections of the feedback generating polynomial of the constituent code, while that
of the second number n2 indicates the tap connections of the feed-forward generating
polynomial. For example, the code (23,35) or (10011,11101) is a turbo code, each of
whose constituent codes is shown in Figure 5. The result for K = 3 in the above table is
consistent with the one found by Divsalar and Pollara [9], and those for K = 4 and 5 are
the same as what Benedetto and Montorsi found [3].

One of the most important reasons why the turbo code can provide a significant amount of
coding gain is due to the use of an iterative decoding algorithm. The drawback of using
such an iterative decoding structure is the latency delay. The larger the number of
iterations, the better the decoder performance, however, the longer the delay. It was shown
[1,2,6] that the first few iterations are the most effective ones; each performance
improvement thereafter becomes less and less significant. Wang has shown that the use of
10 decoding iterations represents a good trade-off between performance and delay for
codes of K = 5 [7]. When K = 3 or 4, the performance difference between 5 and 10
iterations is unnoticeable for the range of BER < 10-5.

The interleaving pattern is a key factor that can affect the performance of turbo code.
Wang also investigated turbo code performances with various types of interleaving pattern
[7]: block, diagonal, helical, pseudorandom, S-random [10], T-random, and S-T random
[11]. The first three interleaving patterns are under the category of regular interleaving,



while the last four ones are under the category of random interleaving. Based on the
random coding argument, a forward-error-correcting (FEC) code that generates random
code words can produce a significant amount of coding gain. Therefore, it can be
intuitively concluded that a turbo code with a random interleaver will outperform another
with a regular interleaver. Wang has shown that the S-random interleaver performs the
best among all interleaving patterns investigated [7].

Wang has also investigated BER performances for codes of various constraint lengths [7].
He showed that for short blocks (<500), increasing the constraint length does not yield
significant improvement when the required BER is relatively large (>10-4). Note that the
decoder complexity increases exponentially as the constraint length increases. Therefore,
utilizing a turbo code of small constraint length constitutes a significant advantage.
However, Wang also indicated that if the required BER is equal to or less than 10-6, a
short-block turbo code with K = 5 still outperforms one with K < 5 by at least 0.5 dB.

Since the BER requirement for telemetry and command is generally equal to or less than
10-6, the evaluation of the BER performances in this paper is always for a constraint length
5, rate 1/2 turbo code with the optimal generating polynomial of (23,35), S-random
interleaver, and 10 decoding iterations. A BPSK modulation is used.

PERFORMANCES FOR RELATIVELY SHORT TURBO-CODED BLOCKS

Figure 6 illustrates the BER simulation results for block sizes of 100, 200, 300, and 500 in
an AWGN channel. Compared to a commonly used K = 7, rate 1/2 convolutional code
with Viterbi decoder, the improvement given by these turbo codes varies from 0.5 dB for a
block size of 100 to 2.2 dB for a block size of 500.

Fading, or scintillation, which is a common and important channel disturbance in satellite
communications, can carry its effect over a period of multiple bits. Coherent time τc is
generally used to characterize a fading channel [12]. In a communications system that
adopts an FEC code, particularly convolutional or turbo code, this correlated property of
the fading channel can propagate a decoded bit error to subsequent bits, causing bursty
errors and significantly degrading the performance. A channel interleaver is usually utilized
to break the correlated channel disturbance into random channel symbol errors that, in
turn, can be effectively corrected by an FEC code. As a result, the BER performance can
be significantly improved. The larger the interleaving size, the wider the correlated channel
symbols can be separated, and consequently, the better the performance. The cost for a
larger interleaver size is longer delay. Figure 7 shows the BER performance of a block size
of 100 in various fading environments characterized by I/τc, where I is the channel
interleaving size with the same unit of τc. It can be seen that increasing I beyond 50 times
τc does not significantly improve the performance. It is also shown that no matter how



large I is, the performance degradation suffered by fading is at least 4 dB. Using an I of 10
times τc results in an additional degradation of 2 dB. Further decrease in I can degrade
performance significantly. Figure 8 shows values of the required Eb/N0 in order to achieve
a BER of 10-6 as a function of I/τc for block sizes of 100, 200, 300, and 500.

IMPROVING FADED PERFORMANCE
BY USING BIASED CHANNEL SIDE INFORMATION

During the process of turbo decoding, knowledge of the received bit SNR is essential.
Since this bit SNR is highly dependent on the channel characteristics, it is also called
channel side information (CSI). The best performance under an AWGN channel can be
achieved if the CSI used for decoding matches the actually received bit SNR on a symbol-
by-symbol basis. Wang has shown that when CSI is off by an amount greater than 2 dB,
the bit SNR degradation is more than 0.25 dB for a required BER at 10-6 [4]. In a non-
time-varying propagation channel, CSI can be estimated by considering transmitter’s
power, propagation characteristics and path distance, as well as receiver’s antenna gain,
etc., or by using a time-averaging power detecting device in the receiver. However, in the
event that the channel is corrupted by a time-varying disturbance, such as fading, it is
impossible to estimate the instantaneous bit SNR. Making use of an average power
estimator can give only the average power over a time span. Wang has shown that when
biased CSI that is set at between 3 to 4.5 dB smaller than the average bit SNR is used, the
overall BER performance can be improved by up to 1 dB [4]. Figure 9 shows the BER
improvement of using such biased CSI for I/τc = 20 and various values of block size
(<500). It shows that an improvement of about 0.25 dB can be achieved when a CSI that is
4 to 4.5 dB smaller than the average bit SNR is used for turbo decoding.

CONCLUSION

In this paper, performances of turbo codes with relatively short block sizes, in the range
from 100 to 500, are studied using optimum codes of K = 5, S-random interleaver, and 10
decoding iterations. Simulation results show that it requires an Eb/N0 of 2.3 dB for a block
size of 500 or 4 dB for a block size of 100 to achieve a BER of 10-6. In addition, the BER
performances for these turbo codes under fading environments are also examined. Finally,
biased CSI is utilized for turbo decoding and an improvement of about 0.25 dB is
achieved.
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Figure 1. A Conventional Turbo Encoder Structure

Figure 2.  A Conventional Turbo Decoder Structure

Interleaver

dk uk

e1k

e2k

sN

sN

size
of N

ENC1

Flushing

MUX

 N-bit Delay

ENC2

 N-bit Delay  MUX

MUX

Flushing

Y2k

Xk

Feedback Loop

dk
^

Y1k

Channel Information

performed
at the last
iteration
only

APP
Decoder

DEC1

Interlv APP
Decoder

DEC2 De-interlv

Interlv

De-interlv



Figure 3. A Modified Turbo Encoder Structure

Figure 4. A Modified Turbo Decoder Structure
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Figure 5.  A Constituent Encoder of Generating Polynomial (23,35)
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Figure 6. BER Performances for Various Block Sizes in an AWGN Channel

Figure 7. Faded BER Performance for Block Size 100 and Various Values of I/τc
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Figure 8. Required Eb/N0 In Order To Achieve a BER at 10−6

Figure 9. BER Improvement By Using Biased CSI for I/τc=20
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