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I. INTRODUCTION

In recent years, the demand for high-capacity communication has grown, and fiber-optic transmission is being
used in wired communications to meet this demand. Similarly, free-space optics (FSO), which is an optical
wireless communication technology that uses laser light, has attracted much attention and has been considered
as a suitable alternative to satisfy this demand in wireless communications. Free-space optical communication
uses a hundred THz frequency band and allows for high-speed and radio-regulation free transmission, which
may provide a solution for the current shortage of radio frequency bands. In addition, laser transmission and
radio wave transmission do not interfere with each other, and the sharp directivity of an optical wave can ensure
secure communication. The optical devices can be compact because of high-frequency waves. The National
Institute of Information and Communications Technology has successfully performed satellite-to-ground and
inter-satellite laser communications experiments, and has developed various optical technologies for practical
realization [1].

However, there are two major problems in free-space optical communications: optical scintillation and
pointing error of the lens. When a laser beam passes through air, like in a satellite-to-ground link, optical
scintillation occurs and the received optical power fluctuates. In addition, because of the sharp directivity of
laser light, the pointing and tracking range between facing lenses becomes narrow, resulting in the frequent
occurrence of pointing and tracking error, especially in mobile communications. These phenomena result in the
reduction of received optical power. Because FSO usually aims at high-capacity transmission, burst erasure or
burst error occurs in the laser channel even if the fade period is very short. Therefore, to realize high-capacity
and high-quality laser transmission, measures for reducing burst error are indispensable.

Channel coding is used as a general scheme for reducing error. Channel coding consists of automatic repeat
request (ARQ) and forward error correction (FEC), and an integrated use of both is the most effective. However,
the distance between a satellite and an earth station, or between two satellites, is generally large, and the
propagation delay of these links is not negligible. Thus, ARQ may not work correctly, and a strong FEC method
for correcting burst error is a good solution. In fact, the use of a low-density parity check (LDPC) code [2],
turbo code [3], and low-density generator matrix (LDGM) code, which has erasure correcting ability for satellite
laser communications, has been considered for error correction [4]. Error correction is performed effectively by
these codes. However, their coding rate is relatively high, and the coding gains at a low rate are generally not
high. Hence, an effective low-rate FEC for poor channel conditions is required in FSO.

Therefore, in this study, we focus on a rateless code, wherein the coding rate can be configured adaptively,
and we propose a low-rate concatenated channel code based on the Reed–Solomon (RS) code and spinal code,
which is one of the good rateless codes using soft decoding [5]. The proposed concatenated code is suitable for
satellite laser communication channels when the total coding rate is low. In Section II, the downlink channel
model of satellite-to-ground laser transmission is briefly introduced, The spinal code is described in Section III,
and the proposed concatenation code based on the RS and spinal codes is explained in Section IV. The
numerical results are presented in Section V, and conclusions are drawn in Section VI.

II. DOWNLINK SATELLITE-TO-GROUND CHANNEL MODEL

In satellite-to-ground laser communication, a burst degradation of received optical power occurs owing to the
tracking error of the satellite and/or air turbulence. This causes serious degradation in communication quality.
The probability density function (PDF) of received optical power in case of a weak disturbance due to air
turbulence is given by a log-normal distribution [6]. When the received optical power is  and its average value
is < >, the PDF of  is given by
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where  is the distribution of  and is referred to as the scintillation index (SI), which is an index of air
turbulence. When the SI is high, there is a considerable change in the received optical power. In case of a strong
disturbance due to air turbulence, the PDF of  is given by the gamma-gamma distribution as follows: [7]
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where Γ() is the gamma function and K ( ) is the modified Bessel function of the second kind, in which  and
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Here, the SI, i.e., , is given in terms of  and  as
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+
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III. SPINAL CODES

As described in section I, ARQ is not effective for satellite laser communication owing to large propagation
delay, whereas the adaptive control of the FEC coding rate is effective. Adaptive modulation and coding (AMC),
where channel state information (CSI) is sent periodically from the receiver to the transmitter, and the
transmitter changes the transmission rate accordingly, has been widely used in wireless communications [9].
However, the feedback delay for AMC is large in satellite communication, and an inappropriate modulation and
coding set may get selected. Hence, an adaptive transmission with flexible coding rate and no feedback is
required. Rateless codes have been proposed as a solution. Rateless codes can generate coded bits semi-
permanently, and the code rate can be configured flexibly without feedback information. Spinal codes are a
family of rateless codes that have strong correction ability. Thus, we considered applying a spinal code to
satellite laser communication. The encoding and decoding schemes of the spinal code are reviewed briefly in the
following paragraphs.

 In spinal codes, a recursive hash function is used for encoding [10]. Fig. 1 shows the structure of a spinal
encoder in a transmitter. Let the information bits to be encoded be represented as {0,1} . First,  information
bits are divided per  bits and (= ⁄ ) information sub-blocks are generated, each represented by ( =
1, 2, … , ).  is the number of sub-message bits. As shown in Fig. 1,  is encoded by the hash function ℎ, and

 bit outputs are obtained, labeled as . The initial state of the encoder, , is defined as = {0} , and the -th
information sub-block  and the encoder state  are entered into the hash function. This operation is iterated

 times and all  are generated. Next,  bits of  is divided per 2  bits, and the codewords are obtained, as
shown  in  Fig.  2,  where ,  is the complex transmit symbol. Each value of ,  consists of 2  bits, and  is
divided into symbols labeled from ,  to , . The former and latter  bits are allocated to the real and imaginary
components of , , respectively. Here, the  and  in ,  are referred to as depth and path, respectively. In the
transmitter, -th depth symbols ( = 1, 2, … , ) at the first path are transmitted sequentially; then, the symbols
at the second path are transmitted. In addition, the decoding performance is improved by transmitting the last
symbol =  redundantly as the tail symbol at each path [11].
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Fig. 1. Structure of spinal encoder.

Fig. 2. Codeword and transmit symbol of spinal code.

For the decoding of spinal codes, bubble decoding is used; bubble decoding is a type of M-algorithm that
reduces the complexity of maximum likelihood decoding [10]. Bubble decoding is a quasi-optimum decoding
algorithm. It is assumed that the initial state  and the hash function are known to the decoder. Then, because
the number of input bits is , there are 2  branches from  in the decoding search. At the decoding stage , the
branch metric for each branch from  is calculated as the squared Euclidean distance between the receive
symbol and the corresponding replica symbol of the codeword. The branch metric ( , ( )) of the candidate
symbol ( ) is given by

, ( ) = || ( + ( − 1) )− ( + ( − 1) )|| (6)

where ( ) is the receive symbol and || ||  is the squared complex norm. The path metric  is defined as the
summation of branch metrics until the stage , which is given by

( ) = ( , ( )) (7)

where = ( (1), (2), … , ( )) is the decoding candidate sequence. During decoding, these metrics are
calculated at stage  and the  having the minimum  is determined as the decoding result. However, in
the spinal code, the number of branches from  is 2 , and the total number of paths increases exponentially,
which requires an exhaustive search. Therefore, bubble decoding adopts a parameter, beam width B, which is
the number of survival paths at every stage. At stage ,  paths having the smallest metrics are kept as survival
paths, and other paths are discarded. Thus, the exponential increase in decoding complexity is prevented. To
increase the reliability of survival path selection, it has been proposed that the branch metrics of stage ( + −
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1) be taken into account when calculating the path metric at stage , where d is a positive integer [10]. In this
scheme,  should be determined appropriately because a high value of  leads to more calculation complexity.

IV. PROPOSED REED-SOLOMON AND SPINAL CONCATENATION CODE

Spinal codes utilize a hash function for encoding and decoding. When the number of input bits is higher than the
number of output bits, the outputs from different information sub-blocks become identical in some cases. This is
known as state collision. Because of state collision, spinal codes often have an error floor in the bit error rate
(BER) performance, and the coding gain becomes saturated whenever the coding rate is lowered. Therefore, we
applied the RS code, which is a strong code that is popular in satellite communications, as a concatenation code
to the spinal code. We used a non-binary RS code and spinal code as the outer and inner codes, respectively. Fig.
3 shows the structure of the proposed encoder. First, the information bits are divided and undergo RS encoding.
Next, the encoded bits are divided again and used as the input information sub-blocks for the hash function of
the spinal code. Because the encoding and decoding of the spinal code are conducted by the information sub-
block unit, the degree of the Galois field in RS coding becomes the same as the number of sub-blocks, which is
effective in preventing extra error propagation between the two codes and obtaining a higher coding gain.

Fig. 3. Structure of proposed RS-spinal concatenation code.

V. NUMERICAL RESULTS

We compared the BER performance of the proposed scheme to that of a single spinal code in a downlink
satellite laser channel in which air turbulence and additive white Gaussian noise (AWGN) were considered. Fig.
4 shows the block diagram of the proposed coding system, and the simulation conditions are listed in Table 1.
First, 128 bit information was divided into four blocks. Next, it was transformed into a Galois field of GF(2 ),
RS encoded, symbol interleaved, and transformed into binary four bits. Then, this bit stream was treated as the
information sub-block for the hash function, and spinal encoded. We calculated the BER for different values of
SI under the simulation conditions listed in Table 1. As shown in Fig. 5, when the SI is low, e.g., 0.1 or 0.2, the
proposed concatenation code exhibits better performance than that of the single spinal code. However, for
higher values of SI, the single spinal code exhibits better performance because the single spinal code with a low
coding rate achieves better error correction. In RS coding, when the error symbols are more than the maximum
number of error correctable symbols, the received codeword is output as is. Therefore, the performance of the
proposed code degrades as the SI increases.

Next, the BER was calculated for the proposed concatenation code and the single spinal code for different
values of the total coding rate, with values of SI ranging from 0.0 to 0.5. The results are shown in Figs. 6 and 7,
where the coding rate of the RS code in the proposed scheme is fixed as 8/15 and the coding rate of the
concatenated spinal code is changed. Other simulation parameters were the same as those listed in Table 1. It
was shown that there are error floors in the single spinal code transmission because of state collision, as
described in Section IV. In contrast, the BER of the proposed concatenation code decreased monotonically
according to the decrease in coding rate. Thus, it was shown that the proposed scheme was effective in the low
coding rate region.
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Fig. 4. System block diagram of proposed code.

VI. CONCLUSION

We proposed a low rate concatenation code—RS and spinal codes—for downlink satellite laser communication.
Through numerical simulations, it was shown that the proposed scheme exhibited better performance than the
single spinal code in the low coding rate region.

In future studies, adaptive coding rate transmission in the RS-spinal concatenation scheme will be considered.

Table 1. Simulation conditions.
code RS-Spinal concatenation code Spinal code

transmission bits 128

coding rate
(RS, Spinal)
(8/15, 1/2)
(8/15, 1/4)

1/4, 1/8

code length 480, 960 512, 1024
modulation BPSK ( = 0.5)

channel air fluctuation + AWGN
air fluctuation-distribution gamma-gamma

/  [dB] 5
transmission rate [Mbps] 1
number of codewords 10

interleaver length ×
S parameter for interleaver √ ∙ 4⁄

number of bits per
information sub-block 4

hash function Jenkins one-at-a-time
output of hash function [bits] 32

beam width 16
Galois field GF(2 ) -

RS coding information-
symbols 8 -
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Fig. 5. Bit error rate versus scintillation index (SI).

Fig. 6. Bit error rate versus coding rate (SI = 0.0 to 0.2).
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Fig. 7. Bit error rate versus coding rate (SI = 0.3 to 0.5).
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