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Abstract—The communication link is the only way for space
probe to receive telecommand data from and return telemetry in-
formation to the control center on the earth. The design of deep
space communication system has lots of challenging problems. For
example, the solar scintillation effects can be significant for deep-
space telecommunication links during superior solar conjunction. In
this paper, the design and application of low-density parity-check
(LDPC) coding scheme for deep space communication under solar
scintillation condition is studied. In particular, the deep space com-
munication channel under solar scintillation condition is modeled as
a kind of Rician Channel that characterized by scintillation index,
and the LDPC codes are optimized under such kind of channel mode
to improve the bit-error rate (BER) performance. Simulation results
reveal that compared with the convolutional codes the proposed LDPC
codes could obtain 2.4 db and 2.5 db coding gain at 8.4 GHz (X-band)
and 32 GHz (Ka-band), respectively. Moreover, simulation results also
show that the deep space communication system with LDPC codes is
much less sensitive to scintillation fading that that with convolutional
codes.

Keywords—BP algorithm, channel capacity, LDPC codes, Rician
channel, solar scintillation

I. INTRODUCTION

EEP space exploration is the way for human to know
D about the origins and evolution of the Earth, planets,
solar system and the universe, which could thereby promote
the development and cross-penetration innovation of planetary
science, earth and planetary sciences, solar system evolution,
space astronomy, space physics, space materials science, envi-
ronmental science, microgravity space and other basic science
disciplines. Deep space exploration is also the way for a
better understanding of the life formation and evolution in the
universe, and the way for us to enter into the universe to find
new homelands.

During the human exploration of space, the communica-
tions link is the only way that enabling telecommands to be
transmitted from the earth and telemetry information as well
as scientific data to be returned from the probe, which may
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directly dictates the success or failure of the space exploration
mission.

The communication link in deep space environment faces
many severe challenges. The first of which is the ultra-long
communication distance. For geosynchronous satellite, the data
communication distance is about 36,000 km. While for the
data communication between the Mars probe and the control
center on the earth, the data transmission distance may reaches
up to 384,000,000 km. Since the intensity of electromagnetic
radiation decreases according to 1/72, signals from deep space
probes are usually very weak when they reach the Earth. In
order to receive the faint signal back on Earth, large parabolic
disc antennas are used to collect as much as possible of the faint
signal. Meanwhile, since the electromagnetic radiation cannot
move faster than the speed of light, considerable transmission
delay is introduced in the communications, which making real
time communications impossible, i.e., it takes over 5 hours for
a signal from earth to reach the orbit of Pluto in the outer part
of the solar system.

Moreover, the communication link between the earth and
the space probe may encounter ionospheric scintillation during
superior solar conjunction (see Fig. 1), when the Sun lies
between the Earth and probe. The Earth-Probe distance is at or
near maximum and the received signal is at its weakest level. In
addition, the intervening charged particles of the solar corona
in the signal path produce significant amplitude scintillation,
phase scintillation, and spectral broadening effects, which
increase as the Sun-Earth-Probe (SEP) angle (f in Fig. 1)
decreases [1].

Several solutions could be used to deal with the situation,
such as the implementation of channel coding, the increase
of antenna aperture, and the reduction of project operations.
While each of them has its limitations: First, the channel
coding method in deep space communication at present is
convolutional code, which has insufficient correcting ability in
severe condition. Second, the increase of antenna aperture will
greatly increase the construction cost as well as the operation
complexity. Third, the reduction of project operations, such as
invoking command moratoriums, downscaling tracking sched-
ule and lowering data rates, will result in the unreliability of
the whole system [2]-[4].

In this paper, we proposed to apply low-density parity-
check (LDPC) codes instead of convolutional codes to the
deep space communication system. Noted that for its near
Shannon limit performance [5], [6], LDPC codes have been
extensively applied in many communication and digital storage
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systems with high reliability requirements, and these years the
applications have been expanded to aerospace field, such as
Chang’e 2, the Chinese lunar probe launched in November
2010.

Since the deep space communication channel under solar
scintillation condition is modeled as a kind of Rician Channel
that characterized by scintillation index [7], we optimize the
LDPC codes under such kind of channel mode to improve
the BER performance. Simulation results reveal that compared
with the convolutional codes the proposed LDPC codes could
further obtain 2.4 db and 2.5 db coding gain at 8.4 GHz (X-
band) and 32 GHz (Ka-band), respectively. Moreover, simu-
lation results also show that the deep space communication
system with LDPC codes is much less sensitive to scintillation
fading that that with convolutional codes.

The rest of this paper is organized as follows. Section II
addresses the scintillation modeling of the deep space com-
munication channel under solar scintillation condition. Section
IIT describes the optimization studies of the LDPC codes for
application in deep space communications. Section IV presents
the simulation and performance analysis of the LDPC codes
over solar scintillation channels. Finally, conclusions are drawn
in section V.

II. CHANNEL MODEL UNDER SOLAR SCINTILLATION

A complex baseband model of scintillation communication
system is depicted in Fig. 2. The received signal y(¢) can be
presented by

y(1) = ase(t) - w(t) +n(t)

= aso(t) - s(t)e??® 4 n(t) W

Where s(t) is the transmitted signal, 6(t) is derived from
channel estimation, and independent of the concerned signal

Relevant solar conjunction geometry.

to noise ratio (SNR); as.(¢) is time-varying scintillation coef-
ficient, produced by the solar scintillation; n2(¢) obeys Gaussian
random distribution with zero mean and variance o2 [8].

A. Rician Statistical Model of Scintillation Channel

The scintillation coefficient as.(t) is statistically modeled as
a non-zero mean, complex Gaussian random process [8]-[12],
ie.,

Olsc(t) = \/?S . €j¢ + nscint(t) (2)

where K is proportional to the signal power via the line-of-
sight path (specular signal component); ¢ is a constant phase
shift randomly and uniformly distributed over the interval of
[—7, 7] and ngeine(t) is a (filtered) complex Gaussian process
generated from scattered signal propagation over random paths
(non line-of-sight) due to solar scintillation effects. The angular
distribution of the random signal propagation paths is approx-
imately Gaussian.

The signal fluctuation is measured by the scintillation index
S4Z

61— Jrariiocto) 5
{Blaw (b))

The average signal power received via the scattered paths
is proportional to: 02,. = E|ng.n(t)|? and the total received
signal power is presented by: S = (K, + 202,,) - Ps, where
P, = Elw(t)|* = E{s(t)?} is the transmitted signal power
(see Fig. 2). Assume that the amplitude scintillation causes no
loss in the long-term average received signal power. Then the
specular and scattered signal power components must meet the
constraint K, + 202, = 1.

The envelop of the scintillation coefficient Ry, = |avsc(t)]
has a character of Rician distribution, i.e.,
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Fig. 2. Complex baseband channel simulation model.
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where v = K, /202, is the Rician factor, defined as the ratio

of received specular power to random power, and Ip{z} is the
zeroth-order, modified Bessel function of the first kind. The
relationship of scintillation index Sy and the Rician factor y
can be expressed as [13]

_ (-8t
T a-sne

Then the parameters K, and o2, are related to the scintillation
index Sy by

®)

K, =(1-5})"? (6)

, _1-(1-sH'?

nsc — (7)
2

g,

Notice that S, is between O and 1. When S, — 0, it
translates to an ideal non-fading channel, with 0 < Sy < 1
, it is Rician fading, and in the limit Sy — 1 (no line-of-sight
received path), it reduces to the Rayleigh fading.

B. The Shannon Limit with Different Scintillation Index

For binary phase shift keying (BPSK) modulation, s &
{—VEs,VE;} maps the code symbol = € {1,0}, while E;
is the symbol energy. Assume the Rician fading factor . is
given. Then the conditional probability density function of the
matched filter output is [14]

1 _ (y—sase)?
p(y|$7a30) = \/We 202 (8)

The capacity of the channel is defined by[15]

C= m?>)<{I(S;Y|ASC)}

s (s

Pylsas) 4y O
Ps (Z) (y|Za asc)
where E,(x) is the mathematical expectation of variable z with
probability distribution of p. The probability density function
p(s,y, ase) can be written as (10) due to the independency
between s and a,.

= maX{Ep(
Ps (5)

s,,000)1108
YsQse) Zz

p(sayaasc) :p(y|saasc) p(S) 'p(asc) (10)

If p(s) satisfies the equal-probability distribution, the
I(S;Y|Asc) reaches the maximum.

c=5 X [ [ e piisan)

s=£tVE;
pyls, se)
% Zz:imp(y|z7 asc)

= /OOO /o:op(asc) p(yls = VEs, o)

-log, ( ) - dy - dage

10g ( 2p(y‘Z = V ESaasc) (11)
? P(ylz = VEs, ase) + p(ylz = —VEs, ase)
-dy - doge
=1 _/ / plase) - p(yls = V Es, ase)
0 —00
-~V Es; sc
~1og2(1+p(y‘z e )) ~dy - doge
p(y\z =VE,, CVSC)
From (8), we can get
p(ylz = —VEs, ase) 2
= —2yasc\/ Es/o (12)
p(ylz = VEs, ase)
Then the capacity C' can be written as .
C=1- / / plase) - pyls = V Es, ase)
0 —c0 (13)

logy (1 + 6_2-’/"“@/02) ~dy - dage

The double integral function is written as (14) through (4)
and (8)

J(y, ase) = plase) -p(y|8 = \/Ev Qse)

loga(1 + ¢~ 2weeV/EL/o"

2
_ Qse g 2y
=5 e e e dofase [ (19
nsc nsc

1 _ (y—ascVEs)?
. e 262
V2mo?

. 10g2(1 _|_ 6_2yasc\/Eis/02)

Put 02 = 1/2, (14) can be written as

2

. _ _%sc 2
fly,ase) = O;so ce7Y e 2R - Io{as, 277}
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The double integral function with S4 = 0.37 and v Es = 1.

TABLE I
THE SHANNON LIMIT WITH DIFFERENT CODE RATES R AND SCINTILLATION INDEX Sy (E}/Ng dB)

Sy

R 0.10 0.20 0.30 0.60 0.90 1.00
0.01 -1.5748 | -1.5613 | -1.5529 | -1.5469 | -1.5341 | -1.529
0.30 -0.6115 | -0.5804 | -0.5353 | -0.2961 0.1058 | 0.2565
0.50 0.2025 0.2521 0.3309 0.7852 1.5676 1.8309
0.80 2.0796 2.1746 2.3704 3.4699 5.41 5.9437
0.99 6.0339 6.3350 6.877 11.6661 | 17.8327 | 19.006

~v and o, relate to the scintillation index Sy through (5)
and (7). When S; = 0.37 and /E, = 1, f(y, as.) is shown
in Fig. 3.

In most area, the function f(y, as.) tends to be 0 and only a
small area has contribution to the volume of the figure, so the
generalized double integral can be calculated into the numerical
calculation of double definite integral.

According to Shannon’s second theorem, if the information
transmission rate R is not larger than the channel capacity C'
, there exists a coding system such that the information bit
can be transmitted over the channel with an arbitrary small
frequency of errors. Let R = C, finally the shannon limit is
given by
1 _FEs
AR

1 E, E,
~ R {ﬁ}ch =R

(2
~ JR=C =
No (16)

When E; takes different values, the Shannon limit with dif-
ferent code rate R and different scintillation index S4 can be
calculated (see Table I).

III. THE OPTIMIZATION STUDIES OF LDPC CODES OVER
RICIAN CHANNEL

As originally suggested by Tanner [16], LDPC codes can be
well represented by bipartite graphs, which consist of variable
nodes, check nodes and the edges emanating from these nodes.

Variable nodes correspond to the elements of a codeword, while
check nodes correspond to the set of parity-check constraints
which define the code. The degree distribution of variable
(check) nodes determine the number of nonzero elements in
the row (column) of check parity matrix of LDPC codes, and
a polynomial is used to represent the degree distribution. A
degree distribution pair (A, p) is defined as [17]

dy

Az) = Z Nt (17)
i=1
d. 4

plx) = Zpixz_l (18)
i=1

where \; (p;) represents the fraction of edges emanating from
variable (check) nodes of degree i, and the d, (d.) denotes the
maximum variable (check) degree.

The method used to optimize degree distributions is Gaus-
sion approximation and the decoding of LDPC codes is based
on belif-propagation (BP) algorithm. Under the BP algorithm,
and message passing in general, variable nodes and check
nodes exchange messages iteratively.

The log-likelihood ratios (LLRs) are used as messages, i.e.,

plylr =1)

v = log
plylr = —1)

19)
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Fig. 4. Channel simulation model.
TABLE II
THE VALUE TABLE OF \; AND p; (N=2032)
A1 A2 A3 A6 P6 p7
0.001126 | 0.283784 | 0.214527 | 0.500563 | 0.006757 | 0.993243

as the output message of a variable node, where z is the bit
value of the node and y denotes all the information available to
the node up to the present iteration obtained from edges other
than the one carrying v. Likewise, the output of a check node
is defined as
p(y|z" =1)
p(y'lz" = —1)
Let v be a message from a variable node to a check node.
Under sum-product decoding, v is equal to the sum of all
incoming LLRs. It is expressed as (21) , and i is the degree of
the variable node.

u = log (20)

i—1
v = Z Ug 21
a=0

where u,(a =1,2,--- ,i—1) are the incoming LLRs from
the neighbors of the variable node except the check node that
gets the message v, and wug is the observed LLR of the output
bit associated with the variable node.

In Gaussion approximation, assume u ~ N (my,, 2m,,),v ~
N(my,2m,), then at the I-th iteration, the mean of the output

of a variable node with degree 7 is defined as:
(22)

My = + (i = 1) -m{l Y

where ug is LLR message of the received signal after the chan-
nel soft demodulation, when all 1 codes are transmitted, then
in AWGN channel, with noise variance o2, ug ~ N (2, 25).

The decoding of the check node with degree j is given as:

j—1
(A (%

tanh(-) = tanh(— 23
anh(5) gan<2> (23)

According to the assumption that the LLR messages have
Gaussion distribution, the probability density function of the
soft decoding output at the [-th iteration is given as (24) by
calculation.

1
13 @) = - :
\/47T (Mg + 02 A i ml)) (24)
dy . ()2
T—Myy — ) g N t-My
. exp{—( Z 1 ) }

4+ (my, + Z?;l PYREE mg))
According to (24), finally the output error-bit probability of
decoding after the [-th iteration is given as

0
s e

(25) is used to analyze the change of the output error-
bit probability of decoding with the iteration number, and

(25)
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Fig. 5. Telecommunication link performance at X-band with R = 4Rg.

the impact of the degree distribution pair on the decoding
performance.

Besides, according to BP algorithm, if the received signals
at the channel output satisfy the symmetry condition and
stability condition, the probabilities of the decoding error can
be arbitrary small, otherwise it must larger than a certain
value. Rician channel has been proved to satisfy the symmetry
condition, and the stability condition is described as [18]

s __ 1+2'(1+7)'Jzicia7t

by . 1 — . rician
(0) p()<e 2'(1+’7)'Uzician ‘
(26)
According to (5) and (7), (26) can be written as
(1752)1/2
N(0)-p(1) <2 e2 005D @7

Based on (25) and (27), the degree distribution parameters
A; (p;) can be optimized to make the LDPC codes transmitted
through the Rician channel to get good performance.

IV. NUMERICAL SIMULATIONS AND ANALYSIS

The simulation is based on the link model as shown in
Fig. 4, with the assumption of an ideal receiver, that is, the
assumption of perfect carrier and subcarrier tracking as well
as symbol synchronization. The degree distribution pairs (A, p)
after optimization using (25) and (27) are listed in Table II with
code length n of 2032. In particular, the code rate r is 1/2,
which is similar to the (7, 1/2) convolutional code that the
Solar Probe mission has used [24]. The degradation caused
by amplitude scintillation is simulated at both 8.4 GHz (X-
band) and 32 GHz (Ka-band) for the case of BPSK modulation

I A
142-(147)-02

with LDPC codes. The maximum iteration number is 50. For
comparison, the (7, 1/2) convolutional codes are also simulated
with Viterbi decoding. The effects due to scintillation are in-
troduced through (6) and (7).The simulation BER performance
at X-band is shown in Fig. 5, Fig. 6, Fig. 7 and Fig. 8.

In Fig. 5, the Sun-Probe distance (R in Fig. 1) is 4 solar
radii (Rp in Fig. 1) and the corresponding scintillation index
S, is 0.37. The simulation shows that at BER = 1072,
which is usual requirement for deep-space telecommunication
link, the link performance of LDPC codes is much better than
convolutional codes with coding gain about 8 dB.

The Sun-Probe distance R in Fig. 6 is 5 solar radii and
the corresponding scintillation index S4 is 0.23, as the solar
scintillation effects become smaller along with the increase of
the Sun-Probe distance. At BER = 1075, the coding gain
between LDPC codes and convolutional codes is about 3.3
dB.

In Fig. 7, the Sun-Probe distance R increases to 6 solar radii
while the scintillation index Sy decreases to 0.162. At this Sun-
Probe distance, the solar scintillation effects become smaller
further. At BER = 1075, the link performance difference
between LDPC codes and convolutional codes decreases to
about 2.6 dB.

The Sun-Probe distance R in Fig. 8 increases to 8 solar
radii. The distance is so far that the solar scintillation has
slight impact on the communication link with the scintillation
index Sy = 0.099. The coding gain between LDPC codes and
convolutional codes now becomes 2.4 dB.

From the figures, we can draw the conclusion that at BER =
105, which can satisfy the deep-space telecommunication link
requirement, the link performance of LDPC codes is better than
convolutional codes with coding gain more than 2.4 dB at least,
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and with the increase of scintillation index Sy, the performance
of convolutional codes degrades seriously, while LDPC codes
represents an excellent performance of fading resistance. The
difference of E,/Ny of the figures and the Shannon limits in
Table I is about 3 dB. The difference can be decreased by
increasing the code length and the maximum iteration number.

Fig. 9 displays the link BER performance results at Ka-
band, where the probe is assumed to be at perihelion with
the Sun-Probe distance R = 4R, and the scintillation index
S, = 0.064, which is much smaller than X-band at the same
Sun-Probe distance (S4 = 0.37) due to the high frequency. The
link performance of LDPC codes is better than convolutional
codes with coding gain about 2.5 db at BER = 1075,

V. CONCLUSIONS

LDPC codes can give very good performance for commu-
nication under solar scintillation condition. In addition, their
complexity can be reduced to the admissible level by using
semi-random structure. Therefore, LDPC codes are very pow-
erful and useful when they are applied to telemetry information
transmissions in deep space communications.
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