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Abstract—We consider the use of extrinsic information transfer
charts for the design of Luby Transform (LT) codes over the
binary erasure channel (BEC). In particular, we formulate an
optimization problem to determine asymptotically good check-
node degree distributions in terms of decoder overhead. We
further propose a modified encoding scheme that maximizes the
minimum variable-node degree, thus optimizing the erasure-floor
performance at the expense of decoder overhead, and resulting
in a regularized variable-node degree distribution. The two ap-
proaches are combined to jointly improve decoder overhead and
decoder erasure floor by incorporating the proposed encoding
strategy into the convex optimization problem. The performance
of the proposed schemes is investigated for transmission over the
BEC through density evolution and numerical simulations. The
optimized codes compare favorably to conventional LT codes,
and are further extended to enable improved performance for
unequal erasure protection.

I. I NTRODUCTION

Achieving high throughput in wireless networks is challeng-
ing due to time-varying channel conditions. Using fixed-rate
codes over such channels cannot achieve high throughput and
high error resilience simultaneously. However, the class of
fountain codes has been shown to be efficient for transmission
over time-varying channels with unknown statistics. Unlike
classical fixed-rate codes, digital fountain codes are rateless,
potentially generating a limitless number of encoded bits from
a given limited block of information bits. Rateless codes [1]
were originally designed for Internet transmission modeled
as a packet erasure channel with unknown and time-varying
erasure probability. Luby Transform (LT) codes [2] were the
first practical realization of rateless codes. They have excellent
performance over binary erasure channels (BEC) but exhibit
a high error floor over noisy channels [3], and encoding
and decoding complexities grow with increasing block length.
Raptor codes [4] were invented to ensure efficient encoders
and decoders for rateless codes, and have been shown to
mitigate the error floor over noisy channels [5].

Considering improvements of conventional LT codes most
attention has been directed towards the check-node degree
distribution. The variable-node degree distribution is yet to be
exploited for improved performance. The inherent structure
of an LT code is identical to a non-systematic low-density
generator matrix (LDGM) code [6] with an expanding gener-
ator matrix. An LT code therefore exhibits an inherent erasure
floor in the same way as LDGM codes. As the error-floor
performance of LDGM codes is mainly determined by the

minimum degree of the variable-nodes [7], there is a strong
motivation to modify the variable-node degree distribution.
The information bits are selected uniformly-at-random by the
check nodes, and thus the variable-node degrees are binomial
distributed. To increase the minimum degree some limited
structure must be imposed on the encoding process

The use of extrinsic information transfer (EXIT) charts for
code design has proven successful for graph-based coding
schemes [8]. In fact the design of the check-node degree
distribution can be cast as a convex optimization problem
based on an EXIT charts approach. With the use of convenient
numerical tools the task of optimizing the check-node degree
distribution in terms of decoder overhead becomes tractable.
Moreover, it is of interest to devise a design framework to
improve the erasure floor while keeping the same or improved
decoder overhead.

Codes with equal erasure protection (EEP) are ideal for ap-
plications where all information bits are of equal importance.
There is, however, still a range of applications where unequal
erasure protection (UEP) is preferred. Fixed-rate codes have
been used for increased protection of important data at the cost
of transmission rate. Therefore, rateless codes are becoming
a popular choice for applications where unequal protectionis
required. UEP capabilities have been thoroughly investigated
in [9], and further exploited in [10] with an expanding window
for UEP-based rateless codes. The scheme in [11] generalizes
their predecessors for LT codes to provide UEP for progressive
data transmission.

As part of our contributions, we formulate a linear pro-
gram based on EXIT charts for optimizing the check-node
degree distribution for a conventional LT code. As output
we obtain good check-node degree distributions resulting in
very low decoder overhead. To improve the erasure floor
performance, we further modify the encoding process of the
LT code to maximize the minimum variable-node degree. The
two approaches are combined to jointly improve the decoder
overhead and the decoder erasure floor by incorporating the
proposed encoding strategy into the linear program. We further
apply our proposed design methodology to the UEP LT codes
suggested in [9], resulting in LT codes with a higher level of
UEP capabilities. The performance of the proposed schemes
is investigated for transmission over the BEC through density
evolution and numerical simulations.

The remainder of the paper is organized as follows. In



Section II, we briefly recap preliminaries of LT codes, density
evolution and EXIT charts. The modified encoding, design
and performance analysis for EEP-LT codes are detailed in
Section III, while extensions of the modified encoding process
to UEP-LT codes are carried out in Section IV. In Section V
we summarize our numerical results, and concluding remarks
are offered in Section VI.

II. PRELIMINARIES

A. LT Codes

An LT code is a linear code with a sparse generator matrix
generated randomly on-the-fly. Encoded bits are sequentially
generated by XORing a random number of randomly selected
information bits. The random number of information bits is
sampled from a predetermined check-node degree distribu-
tion. For example, a vectoru = [u1, u2, . . . , uK ]T of K
information bits is at timet encoded into a codeword vector
ct = [c1, c2, . . . , cNe

t
]T of Ne

t coded bits,

ct = Gtu, (1)

whereGt is theNe
t ×K binary generator matrix. Encoded bits

are generated independently, based on (1), by adding rows to
the generator matrix and subsequently transmitted over a BEC
with channel erasure probabilityǫ. The rows are generated as
described above; a random number,dc is sampled from the
check-node degree distribution, anddc ones are then placed
randomly on rowt + 1. The encoding process keeps going
until the decoder determines that all information bits havebeen
correctly decoded, and a positive acknowledgment is fed back
to the transmitter.

The decoding process is an instance of the peeling decoder,
where only correctly received encoded bits are involved.
Decoding is realized through message-passing over a bipartite
graph describing the code constraints between the correctly
received encoded bits (check nodes) and the remaining un-
known information bits (variable nodes) at time instancet.
The corresponding instantaneousdecoder overhead is defined
asγ = Nd

t /K, whereNd
t is the number of correctly received

encoded bits and is given by

Nd
t = Ne

t −N ǫ
t = Ne

t − ǫNe
t = (1 − ǫ)Ne

t , (2)

where Ne
t and N ǫ

t are the average number of transmitted
encoded bits and average number of erased bits, respectively.

B. Degree Distributions

An ensemble of LT codes can be defined in terms of
respective check-node and variable-node degree distributions,
which describe statistically the structure of the codes. Ina
conventional LT encoder, a pre-determined check-node degree
distribution is sampled to reveal the number of uniformly-at-
random selected variable nodes to be involved in generating
an encoded bit. The check-node degree distribution is defined
by

h(x) =

hmax
∑

j=1

hjx
j ,

hmax
∑

j=1

hj = 1, 0 ≤ hj ≤ 1,

where hj is the probability of a degreej check node and
1 ≤ hmax ≤ K, whereK is the maximum check-node degree
[4]. Furthermore,

havg =

hmax
∑

j=1

jhj = h′(1), (3)

wherehavg is the average check-node degree andh′(x) is the
derivative ofh(x) with respect tox. The variable-node degree
distribution at the decoder can be written as

v(x) =

Nd
t

∑

i=0

vix
i,

Nd
t

∑

i=0

vi = 1, 0 ≤ vi ≤ 1,

where vi denotes the probability of a degreei ≤ Nd
t vari-

able node. As the information bits are selected uniformly-at-
random, the variable-node degrees are binomial distributed as

vi =

(

Nd
t

i

)(

havg

K

)i (

1−
havg

K

)Nd
t−i

. (4)

LettingK andNd
t simultaneously grow large then the variable-

node degrees become asymptotically Poisson distributed [4],
and the asymptotic degree distribution becomes

v(x) ≈ eµ
d
t(x−1). (5)

The involved Poisson parameterµd
t is determined as

µd
t = havg

Nd
t

K
= vavg, (6)

where Nd
t

K
is fixed asK,Nd

t increase andvavg is the average
variable-node degree given by

vavg =

Ne
t

∑

i=0

ivi = v′(1). (7)

The edge-perspective degree distributions play an important
role in the asymptotic analysis of the message-passing decoder.
Here we denote the edge-degree distribution of the variable
nodes and check nodes byλ(x) and ρ(x), respectively. The
probability of a variable-node edge emanating from a degree-i
variable node is denoted byλi andρj is the probability of a
check-node edge emanating from a degree-j check node. The
relationships between the two respective degree distributions
are given by,

λ(x) = v′(x)/v′(1), ρ(x) = h′(x)/h′(1). (8)

C. Density Evolution and EXIT Charts

The two main tools for characterizing the asymptotic per-
formance of the message-passing decoder applied to a sparse
graph code, asK,Nd

t increase without bound for a fixed

ratio Nd
t

K
, are density evolution [12] and EXIT chart analysis

[8]. Both methods are exact for transmission over the BEC.
In case of the density evolution algorithm the mean values
of the erasure probabilities exchanged between check- and
variable nodes are tracked over iterations of the message-
passing decoding. The asymptotic probabilityPl that a variable



node is not successfully recovered afterl decoding iterations
can be determined from an AND-OR tree evaluation of the
decoding process [13]. Hence, the decoding erasure probability
after l iterations using density evolution is determined as

Pl = λ(1 − ρ(1− Pl−1)) ≈ e−µd
t(ρ(1−Pl−1)). (9)

In EXIT chart analysis the resulting exrinsic mutual in-
formation of the messages exchanged between check- and
variable nodes over iteration is tracked for the message-
passing decoder. To enable EXIT chart analysis, the decoder
operation is modeled as two sub-decoders exchanging extrinsic
mutual information values through two corresponding edge
interleavers. An inner check-node decoder (CND) of degree
j receivesa priori messages fromj interleaved variable-node
decoders (VNDs) and one message arriving from the channel.
The check-node EXIT function of an LT decoder is determined
by [8]

IE,C(IA,C , ǫ, i) =
∑

i

ρi(1− ǫ)(IA,C)
i−1, (10)

whereIA,C is the a priori information coming from the VND
to the CND. Similarly, the variable node EXIT function is
given by [8]

IE,V (IA,V , i) =
∑

i

λi(1− (1− IA,V )
i−1), (11)

whereIA,V is the a priori information coming from the CND
to the VND.

III. D ESIGN AND PERFORMANCEANALYSIS

A. Design of Degree Distributions for a Conventional LT Code

Both the density evolution algorithm and EXIT chart analy-
sis provide the exact belief propagation decoding threshold for
transmission over a BEC. Using EXIT charts in the search for
good degree distributions in terms of convergence thresholds
can often be formulated as a convex optimization problem.
Applying well-known numerical methods allows for an effi-
cient design approach to obtain asymptotically good check-
node degree distributions for LT codes. The encoding process
remain unchanged so the variable-node degree distributionis
of the same form as in (4).

The decoder overheadγ of an LT code can be expressed in
terms of the edge-perspective degree distributions as

γ =

∑

j ρj/j
∑

i λi/i
. (12)

Hence, minimizing
∑

j ρj/j will also minimize the decoder
overheadγ. The corresponding linear program with relevant
constraints is formulated as

LP1

min
∑

j ρj/j

such that ρj ≥ 0
∑

j ρj = 1

λi = ivi/v
′(1), i = 0, 1, . . . , Nd

t

IE,C(IA,C) > I−1
E,V (IA,V ).
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Fig. 1: The EXIT chart of a conventional LT code with an
optimized check-node degree distribution for a channel erasure
probability of ǫ = 0.02, and a decoder overhead ofγ = 1.08.

Here the first two constraints enforce that the output is indeed a
degree distribution. The third constraint specifies the variable-
node edge-degree distribution, wherev′(1) = vavg and Nd

t

is a function of the channel erasure probabilityǫ. The final
constraint ensures that there is an open tunnel between the
two EXIT curves described in (10) and (11), thus guaranteeing
convergence. We further set a target channel erasure probabil-
ity ǫ, and a specific average variable-node degreevavg.

The linear programLP1 is then solved for a specific value
of ǫ and a series of values ofvavg to determine the optimum
check-node degree distribution in terms of decoder overhead.
As an example we have the following check-node edge-degree
distribution

ρ(1, 2, 3, 4, 9, 50) = (0.0041, 0.1558, 0.0568,

0.0843, 0.2004, 0.4986), (13)

for the case ofǫ = 0.02 and vavg = 6.9982 with a decoder
overhead ofγ = 1.08. The corresponding check-node degree
distribution is given as

h(1, 2, 3, 4, 9, 50) = (0.0268, 0.5049, 0.1227,

0.1366, 0.1443, 0.0646). (14)

The corresponding EXIT chart is given in Fig. 1. The close
match of the EXIT curves for the CND and VND is clearly
visualized. The erasure probability of the optimized conven-
tional LT code is shown in Fig. 2.

B. Improved Erasure Floor for EEP-LT Codes

In Fig. 2 we observe a significant erasure floor for the
optimized conventional LT code. As discussed earlier, the
main reason for the high erasure floor is low-degree variable
nodes. Also, since the variable-node degree distributionv(x)
is asymptotically Poisson distributed, the probability that a
given variable node is not connected to any check nodes
is e−µd

t . Clearly, the conventional LT codes cannot achieve
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Fig. 2: Decoder overhead versus decoding erasure probability
of an optimized conventional LT code designed for channel
erasure probability ofǫ = 0.02.

a decoder erasure probability lower thane−µd
t at the target

decoder overhead.
To address both these issues we modify the encoding

process of the LT code as follows to ensure that all variable
nodes are connected, and to maximize the minimum variable-
node degree. A check node of degreed is constrained to select
d distinct variable nodes among those that currently have the
smallest degree. As a result, all variable nodes will eitherbe of
degreedv or be distributed between two consecutive degrees
of dv−1 and dv when encoding is completed. The value of
dv is determined asdv = ⌈µe

t⌉, wheredv is smallest integer
greater than or equal toµe

t.
Unfortunately, this regular variable-node degree distribution

is not preserved at the decoder since the edges corresponding
to erased encoded bits are removed. Ifi edges are removed
from a variable node of degreed the resulting degree will
of course becomed − i with i ≤ d and i = 0, 1, . . . , dv.
The variable-node degree distribution at the decoder can be
approximated by modeling the degree of each variable node
of original degreedv as

Ω̃(x) ≈

dv
∑

i=0

Ω̃dv−ix
i, (15)

where Ω̃i is the probability of a variable node of degreei
determined as [4]

Ω̃i =
e−µǫ

t (µǫ
t)

i

i!
. (16)

We can consider the more general case where the variable-
node degrees are distributed between two consecutive integers
dv−1 and dv at the encoder in a similar way. The corre-
sponding variable-node degree distribution at the decoderafter
removing edges corresponding to the erased encoded bits is
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Fig. 3: Decoder overhead versus decoder erasure probability
of the conventional and regularized EEP-LT codes designed
for channel erasure probability ofǫ = 0.02.

given by

Ω(x) ≈

dv
∑

i=0

(vdvΩ̃dv−i + vdv−1Ω̃dv−i−1)x
i

=

dv
∑

i=0

Ωix
i, (17)

where

Ωi = vdvΩ̃dv−i + vdv−1Ω̃dv−i−1, (18)

with constraints

Ω0 = Ω̃dv + vdv−1Ω̃dv−1 (19)

Ω̃i = 0 for i < 0. (20)

The corresponding edge-degree distributionω(x) can easily
be obtained from (8).

With this modification the probabilityPl that a variable node
is not recovered afterl decoding iterations is given by

P reg
l = ω(1− ρ(1 − P reg

l−1)), (21)

A comparison of the decoder erasure probabilities of the
optimized conventional LT code and our proposed regularized
LT code using (9) and (21), respectively, is shown in Fig. 3
for the check-node degree distribution detailed in (14). From
Fig. 3 it is clear that the high erasure floor observed for the
optimized conventional LT code is eliminated by the proposed
regularized LT code at the expense of some degradation in
decoder overhead.

Interestingly, the complexity of our regularizing encoding
scheme remains the same as the conventional LT code, since
the number of edges is the same. In order to accommodate
the proposed encoding scheme a look-up table with aK-unit
memory is however required to keep track of variable-node
degrees.



C. Optimized-Regularized EEP-LT Codes

The check-node degree distribution used with the regular-
ized variable-node distribution in the previous subsection was
optimized for a conventional LT code. We should therefore
be able to improve the decoder overhead performance by
incorporating the proposed encoding scheme into the linear
program. The modified linear program is described as

LP2

min
∑

j
ρj

j

such that ρj ≥ 0
∑

j ρj = 1

ωi = iΩi/Ω
′(1), i = 0, 1, . . . , dv

IE,C(IA,C) > I−1
E,V (IA,V ).

Again, we solve the linear programLP2 for a specific value
of ǫ and a series of values ofvavg to determine the optimum
check-node degree distribution in terms of minimizing the
decoder overhead. As an example we have the following
check-node edge-degree distribution

ρ(1, 2, 3, 8, 9, 50) = (0.0066, 0.2993, 0.1978,

0.2153, 0.0034, 0.2776), (22)

for the case ofǫ = 0.02 and vavg = 4.0011 with a decoder
overhead ofγ = 1.02. The corresponding check-node degree
distribution can easily be obtained by (8), and is given as

h(1, 2, 3, 8, 9, 50) = (0.0258, 0.5869, 0.2585,

0.1055, 0.0015, 0.0218). (23)

A comparison of the decoder erasure probabilities of the
conventional LT code, the regularized LT code and the
optimized-regularized LT codes is shown in Fig. 4. The check-
node degree distribution in (14) is used for the conventional
and the regularized LT codes, while the optimized-regularized
LT code uses the check-node degree distribution in (23). It is
clearly demonstrated that the decoder overhead performance
of the optimized-regularized LT code is better than the con-
ventional and regularized LT codes.

We can also observe that the erasure floor of the optimized-
regularized LT code is better than erasure floor performance
of the conventional LT code. However, we cannot rule out the
possibility of some degradation of the erasure floor perfor-
mance for the optimized-regularized LT codes as compared to
the regularized LT codes at very low erasure probability due
to numerical issues when solving the linear program.

IV. A SYMPTOTIC ANALYSIS OF UEP-LT CODES

In order to use an LT code for unequal erasure protection,
we divide theK information bits intor classess1, s2, . . . , sr
of sizesα1K,α2K, . . . , αrK such that

∑r
j=1 αj = 1. In [9]

better protection for more important classes of information bits
is obtained by selectingqj such thatw1 > w2 > . . . > wr,
where wj = qj/αj and qj is the probability of selecting
information bits from classj. The probabilityPl,j that a
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Fig. 4: Decoder overhead versus decoder erasure probability of
the conventional, regularized and optimized-regularizedEEP-
LT codes designed for channel erasure probability ofǫ = 0.02.

variable node in classj is not recovered afterl decoding
iterations forj = 1, . . . , r is according to [9], [13]

Pl,j = λj

(

1− ρ

(

1−

r
∑

k=1

qkPl−1,k

))

≈ e−µd
tj(ρ(1−

∑r
k=1

qkPl−1,k)), (24)

whereλj andµd
tj are the edge-perspective degree distribution

and average variable-node degree in classj given byµd
tj =

wjµ
d
t , respectively.

In contrast to [9], we propose to realize UEP by introducing
different degree distributions in each class. To accommodate
a particular variable-node degree distribution in each class,
we modify the encoding process accordingly. For this purpose
a look-up table is introduced to keep track of the variable-
node degrees in each class. The modified encoding process
is detailed in Algorithm 1. For the proposed LT code with a
general variable-node degree distribution the probability P

gen
l,j

that a variable node in classj is not recovered afterl decoding
iterations forj = 1, . . . , r, is determined as

P gen
l,j = ωgen

j

(

1− ρ

(

1−

r
∑

k=1

qkP
gen
l−1,k

))

, (25)

whereωgen
j is the variable-node degree distribution achieved by

the proposed encoding scheme in classj with average variable-
node degreeµd

tj .
For UEP, we ensure a different minimum variable-node

degree corresponding to different classes and then through
Algorithm 1, we can choose variable nodes in order to get
any desired variable-node degree distribution in each class.
Similarly if regular degrees of variable nodes are requiredin
each class then the erasure probability of proposed LT codes
in classj can be determined as

P reg
l,j = ωreg

j

(

1− ρ

(

1−

r
∑

k=1

qkP
reg
l−1,k

))

, (26)



Algorithm 1 : Proposed LT Encoding Scheme

Initialization: Divide the information bits intor classes. Choose
the minimum degree for each class depending on the target UEP
level, average check-node degree and decoder overhead. Letvjm
be the target minimum degree for classj. Set all degrees in the
look-up table to zero and letxjl be the number of information bits
with the lowest degreel in classj at this instance of the encoding.
while No acknowledgement from the decoder.do

Step 1: Check all variable node classes and identify the
candidate information bits in each class eligible for selection.
For a regular degree distribution in each class,xjl will be
candidate bits. For more general degree distributions in each
class, the candidate bits depend on the minimum degreevjm
and the degree-distribution profile required.
Step 2: From a given check-node degree distributionh(x),
randomly select a degreedc for encoding.
Step 3: Sample the class selection probability distributionq(x)
to determine the classes to which thesedc edges are to be
connected to.
Step 4: Selectdc information bits from the eligible candidates
in the selected classes.
Step 5: Update the degree look-up table for the selected classes.
Step 6: XOR selecteddc information bits to get an encoded
bit.

end while

whereωreg
j is the corresponding edge-degree distribution when

the encoding graph has regular variable-node degrees in class
j.

We can use this new UEP scheme as a stand-alone process
or it can be combined with the UEP scheme outlined in [9]. For
simplicity and comparison with the scheme in [9], we consider
two levels of importance; namely most important bits (MIB)
and least important bits (LIB), respectively. We also assume
that the set sizes of the MIB and LIB areK1 = α1K and
K2 = α2K, respectively. Moreover, we setα1 = 0.1 for the
analysis and numerical examples. Similarlyq1 andq2 denote
the class selection probabilities of the MIB and the LIB with
q1 + q2 = 1, and the analysis and numerical examples are
based on the check-node degree distribution described in (14).
We consider three different cases for better illustration of the
analysis and numerical results.

Case 1: We combine the regularized variable-node degree
distribution with the UEP scheme from [9] where the selection
of information bits from the MIB class is more likely than from
the LIB class. As the average variable-node degree is higher
for the MIB than the LIB, then there is a higher regular degree
for MIB and hence lower decoder erasure probability in the
erasure floor region and potentially a higher decoder overhead.
We can easily observe the improvements in decoder erasure
probability for both LIB and MIB of our proposed UEP-LT
(PLT) codes compared to the conventional UEP-LT (CLT) [9]
as shown in Fig. 5.

Case 2: Here we combine different minimum degrees in the
two different classes with the UEP scheme in [9] based on bias
selection of information bits. The variable-node degree distri-
bution in each class is different and not necessarily regular.
A higher minimum degree for the MIB class along with the
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Fig. 5: Decoder overhead versus decoder erasure probability
of the conventional and proposed UEP-LT codes forǫ = 0.15
andq1 = 0.13 (regular degrees MIB, LIB).
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Fig. 6: Decoder overhead versus decoder erasure probability
of the conventional and proposed UEP-LT codes forǫ = 0.1
andq1 = 0.15 (regular MIB degrees).

most likely selection ensure lower decoder erasure probability
in the MIB than the LIB; thus being a generalization of Case 1.
Information bits from each class is selected using Algorithm 1
so we obtain the required minimum degrees and variable-node
degree profiles in the corresponding classes. Here we assume
the selection in the MIB class ensures regular degrees for
all information bits, while the information bits from the LIB
are selected randomly for encoding. Therefore the minimum
degree of the MIB is higher than for the LIB. In Fig. 6, we
observe that both schemes have the same performance for the
LIB as they have the same degree distribution. However for
the MIB, our scheme outperforms the scheme presented in [9]
due to a higher minimum variable-node degree.

Case 3: Here we assume a uniform selection of information
bits in each class such thatw1 = w2 and hence the average
input degrees in both classes are equal. In this case the
scheme in [9] is unable to provide UEP, which is in contrast
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Fig. 7: Decoder overhead vs. erasure probability of the conven-
tional and proposed UEP-LT codes forǫ = 0.05 andq1 = 0.1
(uniform selection).
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Fig. 8: Decoder overhead versus decoder erasure probability of
the EEP conventional, regularized, and optimized-regularized
LT codes with K = 10000 information bits and channel
erasure probability ofǫ = 0.1.

to the proposed scheme. Information bits are selected such
that the variable-node degree distribution in each class has
a different minimum degree. As an example, we ensure an
almost-regular variable-node degree distribution in the MIB
class while information bits are selected randomly for the LIB
class; thus the MIB has a higher minimum degree than the
LIB. The improved performance is shown in Fig. 7.

V. NUMERICAL EXAMPLES

The numerical results presented in this section are obtained
for information block lengthK = 10000, α1 = 0.1 (for
UEP results), and transmission over a BEC. We compare the
decoder erasure probability of the conventional EEP LT code,
regularized LT code and our optimized-regularized LT code
in Fig. 8. Here the decoder erasure probability is defined as
the number of unrecovered information bits normalized by the
total number of information bits. It is clearly demonstrated
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Fig. 9: Decoder overhead versus decoder erasure probability
of the conventional and proposed UEP-LT codes for Case 1
at a channel erasure probability ofǫ = 0.15 andq1 = 0.13.

in Fig. 8 that the optimized-regularized LT code has bet-
ter convergence threshold than the proposed regularized and
conventional LT codes. Moreover, our optimized-regularized
LT code has a better erasure floor performance than the
conventional LT codes, especially at higher decoder overheads.

The proposed regularized LT code used for unequal erasure
protection is illustrated in Fig. 9 for the assumptions of Case
1. The selection probability of information bits from the MIB
class is higher than for the LIB class to ensure a higher decoder
overhead for the MIB. We also introduce regular variable-node
degree distributions in both the MIB and LIB classes. The
simulated performance in Fig. 9 portrays the improvements of
the LIB and MIB classes for the regularized code as compared
to their conventional counterparts.

Numerical results corresponding to Case 2 are shown
in Fig. 10, where we observe a close agreement with the
performance predicted by the density evolution analysis in
Fig. 6. The MIB class of our proposed regularized LT code
clearly outperforms the conventional UEP-LT code while the
performance of the LIB classes of both scheme are same due
the same variable-node degree distributions. Finally to verify
Case 3, we present numerical results in Fig. 11, where we
notice that the scheme in [9] is unable to provide UEP while
our proposed scheme still provides UEP.

VI. CONCLUSION

Using an EXIT-charts approach, we have formulated a
convex optimization problem to determine check-node degree
distributions based on minimizing the decoder overhead of LT
codes for transmission over the BEC. To address the erasure
floor problem of conventional LT codes, we have proposed a
modified encoding process, which leads to an almost-regular
variable-node degree distribution. Based on density evolution
and numerical simulations, we have shown that our proposed
LT code with a modified encoding scheme outperforms the
conventional LT code in the decoder erasure floor region
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Fig. 10: Decoder overhead versus decoder erasure probability
of the conventional and proposed UEP-LT codes for Case 2
at a channel erasure probability ofǫ = 0.1 andq1 = 0.15.
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Fig. 11: Decoder overhead versus decoder erasure probability
of the conventional and proposed UEP-LT codes for Case 3
at a channel erasure probability ofǫ = 0.05 andq1 = 0.10.

at the expense of some degradation in decoder overhead.
We modified our optimization problem to allow for jointly
lowering the decoder overhead and the decoder erasure floor,
and obtained degree distributions that improve performance

on both accounts. Moreover we generalized the scheme for
arbitrary variable-node degree distributions and devisedan
extension to new UEP strategies for LT codes.

ACKNOWLEDGMENT

The research leading to these results has received funding
from the European Research Council under the European
Community’s Seventh Framework Programme (FP7/2007-
2013) / ERC grant agreement n◦ 228044, as well as the
Swedish Research Council under VR grants 621-2012-4061,
621-2009-4666, and 621-2008-4249.

L. K. Rasmussen is also affiliated with the Institute for
Telecommunications Research, University of South Australia
in an adjunct position.

REFERENCES

[1] J. W. Byers, M. Luby, and M. Mitzenmacher, “A digital fountain ap-
proach to asynchronous reliable multicast,”IEEE J. Sel. Areas Commun.,
vol. 20, no. 8, pp. 1528–1540, Oct. 2002.

[2] M. Luby, “LT codes,” in Proc. IEEE Symp. Found. Comp. Sci., (Van-
couver, Canada), Nov. 2002, pp. 271–280.

[3] R. Palanki and J. S. Yedidia, “Rateless codes on noisy channels,” in
Proc. IEEE Int. Symp. Inf. Theory, (Chicago, USA), Jul. 2004, p. 37.

[4] A. Shokrollahi, “Raptor codes,”IEEE Trans. Inf. Theory, vol. 52, no. 6,
pp. 2551–2567, Jun. 2006.

[5] O. Etesami and A. Shokrollahi, “Raptor codes on binary memoryless
symmetric channels,”IEEE Trans. Inf. Theory, vol. 52, no. 5, pp. 2033–
2051, May 2006.

[6] J. Garcia-Frias and W. Zhong, “Approaching Shannon performance by
iterative decoding of linear codes with low-density generator matrix,”
IEEE Commun. Letters, vol. 7, no. 6, pp. 266–268, Jun. 2003.

[7] K. Liu and J. Garci, “Error floor analysis in LDGM codes,” in Proc.
IEEE Int Symp. Inf. Theory, Austin, USA, Jun. 2010, pp. 734–738.

[8] A. Ashikhmin, G. Kramer, and S. ten Brink, “Extrinsic information
transfer functions: Model and erasure channel properties,” IEEE Trans.
Inf. Theory, vol. 50, no. 11, pp. 2657–2673, Nov. 2004.

[9] N. Rahnavard, B. Vellambi, and F. Fekri, “Rateless codeswith unequal
error protection property,”IEEE Trans. Inf. Theory, vol. 53, no. 4, pp.
1521–1532, 2007.

[10] D. Sejdinovic, D. Vukobratovic, A. Doufexi, V. Senk, and R. Piechocki,
“Expanding window fountain codes for unequal error protection,” IEEE
Trans. Commun., vol. 57, no. 9, pp. 2510–2516, Sep. 2009.

[11] S. Arslan, P. Cosman, and L. Milstein, “Generalized unequal error
protection LT codes for progressive data transmission,”IEEE Trans.
Image Processing, vol. 21, no. 8, pp. 3586–3597, Aug. 2012.

[12] T. J. Richardson, M. A. Shokrollahi, and R. L. Urbanke, “Design of
capacity-approaching irregular low-density parity-check codes,” IEEE
Trans. Inf. Theory, vol. 47, no. 2, pp. 619–637, Feb. 2001.

[13] M. Luby, M. Mitzenmacher, and A. Shokrollahi, “Analysis of random
processes via and-or tree evaluation,” inACM-SIAM Symp. Disc. Alg.,
(San Francisco, USA), Jan. 1998, pp. 355–363.


